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PREFACE 

The  proceedings  of  the  NASA  Conference  on  Cryogenic  Technology  held  at 
Langley  Research  Center  on  November 27-29,  1979, are  in  this  NASA  Conference 
Publication. 

The  purpose  of  the  conference  was  to  provide  early  dissemination of new 
cryogenic  technology  generated  by  the  design  and  construction  of  the  National 
Transonic  Facility  and  review  of  plans  and  programs  essential  to  its  operation 
and  utilization.  This  was  the  first  conference  held  specifically  for  this 
pur  pose. 

The  technical  papers  reported  resulted  from  in-house  efforts  and  covered  a 
wide  variety  of  subjects  where  new  technology  had  evolved  as  a  consequence  of 
the  cryogenic  test  environment.  The  general  areas  covered  by  sessions  were: 

I. Overviews 
11. Mechanical/Structural  Design 

IV.  Instrumentation 
111. Systems  Design 

V.  Model/Sting  Technology 

The  efforts  of  the  review  committee,  session  chairmen,  and  speakers  con- 
tributing to the  technical  excellence  and  professional  character  of  the  confer- 
ence  are  especially  appreciated. 

Certain  commercial  materials  are  identified  in  the  proceedings  in  order  to 
specify  adequately  the  materials  investigated  in  the  developmental  work.  In  no 
case  does  such  identification  imply  recommendation  or  endorsement  of  the  product 
by NASA, nor  does  it  imply  that  the  materials  are  necessarily  the  only  ones  or 
the  best  ones  available  for  the  purpose.  In  many  cases  equivalent  materials  are 
available  and  would  probably  produce  equivalent  results. 

Robert R. Howell 
Conference  Chairman 
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INSTRUMENTATION SYSTEMS FOR THE NATIONAL TRANSONIC FACILITY 

Joseph F. Guarino 
Langley Research Center 

OVERVIEW 

Instrumentation and measurement systems are  important  elements i n  any 
complex research  facil i ty.  The National  Transonic Tunnel with i t s  unique 
operational  characterist ics  is   clearly a complex f a c i l i t y  and a s  such 
represents a significant  challenge t o  wind tunnel  instrument  designers.  This 
paper will  briefly  describe  the  instrument  requirements imposed by the new 
testing environment, the  instrument systems being provided fo r   f ac i l i t y  
calibration and operation, and the  research a n d  development ac t iv i t i e s  
directed a t  meeting overall  instrument and measurement requirements. 

New Design Requirements 

The approach taken t o  achieve high Reynolds number tes t   capabi l i ty   in   the 
NTF was th rough  a combination o f  cryogenic  operation and increased  pressure. 
These factors  singly or together  affected  all  instrument  designs and i n  some 
instances  created new measurement requirements. The impact  of t h i s  new 
operating environment is   c lear ly   i l lustrated by the  typical NTF operating 
envelope shown in  figure 1 .  As a point of  reference,  the shaded area a t  
the lower left  depicts  the  operating range of existing  transonic  tunnels. 
The vertical  scale  is  essentially  proportional t o  temperature and  covers a 
range varyin9 from ambient down t o  7 7  K (1400R). The cryogenic environment 
requires t h a t  instruments be developed capable o f  obtaining  accurate d a t a  by 
direct  operation a t  cryogenic  conditions o r  by providing  instruments  with 
thermallJy controlled a n d  conditioned  enclosures. Both approaches have  been 
pursued with  success. Force balances have  been developed and evaluated a t  
cryogenic  temperatures  with  extremely good results.  Pressure  instrumentation, 
on the  other hand,  requires a thermally  control  led environment for  successful 
operation a t  reduced temperature. High tunnel  operating  pressure,  represented 
by the  horizontal  scale on figure 1 ,  results  in  significantly  increased model 
loads. This requires t h a t  force  balances be designed  with  extremely high 
capacities--up t o  85  000 N (1  9,000 pounds) o f  normal force  as an  upper 1 imit. 
The high anticipated model l o a d s  also  dictate  the need for  a model deformation 
measurement system which represents b o t h  a new and very d i f f i c u l t  measurement 
requirement.  Instrument  design i s  further impacted by the wide operating 
range achievable  in NTF represented by the  area of  the  operating envelope i n  
figure 1 .  This may require, for example, t h a t  more t h a n  one balance i s  needed 
t o  cover a par t icu lar   t es t  program i f  d a t a  accuracy i s   t o  be maintained. 
Although only  the extreme and most severe  test  conditions and requirements 
have  been discussed t o  this  point,  i t  should be emphasized t h a t  the  tunnel can 
a n d  will be operated a t   s ign i f icant ly   l ess  demanding conditions  resulting  in 
a less  severe  instrument  design problem. 
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NTF I n s t r u m e n t a t i o n  Systems 

A new, complex  wind  tunnel   such  as  NTF-requires a h i g h   d e g r e e   o f   i n s t r u -  
m e n t a t i o n   t o   b r i n g   t h e   t u n n e l   o n - l i n e  and f o r  subsequent  research  operat ion.  
Four   bas i c   measuremen t   sys tems   a re   p rov ided   wh ich   i nc lude   f ac i l i t y   ca l i b ra t i on  
i ns t rumen ta t i on ,   p rocess   mon i to r i ng   i ns t rumen ta t i on ,   research  model i n s t r u -  
menta t ion ,   and  da ta   acqu is i t ion .  The f i r s t  t w o   a r e   f a c i l i t y   r e l a t e d  and a r e  
r e q u i r e d  t o  b r i n g   t h e   t u n n e l   i n t o   o p e r a t i o n   a n d   t o   m o n i t o r   c r i t i c a l   f a c i l i t y  
func t ions .   Over   1500  ind iv idua l   measurements ,   as   ou t l ined   on   f igures  2 and 3, 
have  been i d e n t i f i e d   f o r   t h e s e  t w o   c a t e g o r i e s   o f   i n s t r u m e n t a t i o n .  A s i g n i f i c a n t  
f e a t u r e   o f   t h i s   i n s t r u m e n t a t i o n   i s   t h a t   m o s t   o f  it will b e   r e t a i n e d   i n   t h e  
t u n n e l   f o r   s u b s e q u e n t   t u n n e l   c a l i b r a t i o n   c h e c k s ,   w i t h  a s i g n i f i c a n t   p o r t i o n   t o  
be selected  and  used i n   c o n j u n c t i o n   w i t h   r e s e a r c h   d a t a   a c q u i s i t i o n .  

The  number  and t y p e   o f   i n s t r u m e n t a t i o n   c h a n n e l s   f o r   r e s e a r c h   d a t a   a c q u i -  
s i t i o n   i s  shown on f i g u r e  4. I n c l u d e d   a r e   t h e   f a m i l i a r  model r e l a t e d  and 
t u n n e l   p a r a m e t e r   i n s t r u m e n t a t i o n   t y p i c a l l y   r e q u i r e d   t o   a c q u i r e   r e s e a r c h   d a t a .  
O f  n o t e   i s   t h e   a d d i t i o n   o f  a model de format ion  measurement  system  and  the  use 
o f   t h e   n e w l y   d e v e l o p e d   E l e c t r o n i c a l l y  Scanned Pressure  Measurement  System (ESP) 
f o r   p r e s s u r e  model app l i ca t ion .   Th is   l i s t ,   a l though  ra ther   comple te ,   can   and 
no doubt will change  as  requirements  change. 

Data a c q u i s i t i o n   i s  a c e n t r a l   f u n c t i o n   o f  any  complex  measurement  system. 
The NTF da ta   sys tem  comp lex ,   i l l us t ra ted  on f i g u r e  5, provides  subsystems 
f o r   r e s e a r c h   d a t a   a c q u i s i t i o n ,   p r o c e s s   m o n i t o r i n g ,   f a c i l i t y   c o n t r o l  , and  data 
management. The key   fea tures   o f   th is   sys tem  inc lude  redundancy   p rov ided  by  
use o f   f o u r   i d e n t i c a l   c o m p u t e r s  a n d   s w i t c h a b l e   p e r i p h e r a l s ,   t r a n s f e r   o f   d a t a  
among subsystems, r e a l - t i m e   d i s p l a y ,   o n - s i t e   p o s t t e s t   d a t a   a n a l y s i s ,  a 
communication l i n k   t o   t h e   C e n t r a l   D a t a   R e d u c t i o n   C e n t e r ,  and n a t i o n a l   u s e r  
access fo r   p re tes t   en t r y   f o r   t es t   p lann ing ,   so f tware   deve lopmen t ,   and  
debugging. 

Research  Instrument  Development 

To meet the  chal lenges  imposed  by  the  cryogenic   and  h igh  pressure 
o p e r a t i o n   i n   t h e  NTF, a comprehensive  development  program was requ i red .  A good 
p o r t i o n   o f   t h i s   w o r k ,   a d d r e s s i n g   t h e  measurement  areas l i s t e d  on f i g u r e  6, 
began about 4 years  ago  and i s   s t i l l  ongoing.  Considerable  progress has  been 
made t o   d a t e   i n   m o s t   a r e a s  and i s  r e f l e c t e d   i n   s e p a r a t e   p a p e r s   c o v e r i n g   t h e  
f i r s t   f i v e   c a t e g o r i e s   l i s t e d   i n   f i g u r e  6. 

Progress  also  has  been made on   t he   rema in ing   i t ems   l i s ted .  Mach number 
and LN2 f l o w  measurement  presented  both  str ingent  accuracy  and  t ime  response 
requ i rements .   Fas t   response  d ig i ta l   quar tz   p ressure   t ransducers   were   se lec ted  
f o r   t h e  Mach number system  which  meet  control   system  response  requirements 
and p r o v i d e   t h e  +0.002 Mach number u n c e r t a i n t y   d e s i r e d .   F o r  LN2 f l o w  
measurement,  the-ul t rason ic   f l owmete r  was s e l e c t e d  and i s   s t i l l  undergoing 
t e s t  and  evaluat ion.   Th is   sensor   prov ides  the  fast   response,   accuracy,   and 
dynamic  range  needed i n   t h e   d e s i g n   o f   t h e  NTF contro l   system. Work i s  
c u r r e n t l y  underway  aimed a t   s e l e c t i n g  and  developing a s u i t a b l e   f l o w  
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visualization system for MTF. Facil i ty design dictates t h a t  any system 
considered must  be located  within  the plenum of the tunnel--which i s  a t  
cryogenic  temperature. Both schlieren and shadowgraph approaches are under 
consideration and problems of alinement, thermal effects  on windows, and other 
system components are  currently being investigated. I n  addition, a schlieren 
system has been designed for  the Langley 0.3-Meter  Transonic  Cryogenic Tunnel 
which will  provide  for  direct  facility  testing and system evaluation. I n  direct  
support o f  the  instrument development ac t iv i t i e s  and selection of f a c i l i t y  
instrumentation, a detailed measurement analysis was in i t ia ted .  The ultimate, 
a n d  ambitious, aim of the  effor t   i s  t o  analyze  the  total wind tunnel measure- 
ment process--from  sensor through final  data. To date an analysis of c r i t i ca l  
tunnel  parameter  qeasurements has been  made  which directly  aided  in  the 
selection of  primary tunnel  instrumentation. 

The measurements l isted  in  f igure 6 certainly do n o t  comprise all   the 
anticipated NTF instrument  requirements.  Future activities  will  include 
development of  flow diagnostic  instrumentation, dynamic s tab i l i ty ,   s ide  w a l l ,  
a n d  flow--through force  balances,  gust a n d  flutter  instrumentation, and  f a s t  
response model pressure  instrumentation.  This l i s t   i s   c e r t a i n l y  n o t  complete 
and  i t   i s   a n t i c i p a t e d  t h a t  additional new measurement requirements  will be 
generated once the  faci l i ty   is   operat ional .  
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Figure  3 
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THE NATIONAL TRANSONIC FACILITY DATA SYSTEM COMPLEX 

Charles S. Bryant 
Langley Research Center 

SUMMARY 

The National  Transonic Facil i ty Data  System  Complex will be  composed of 
four  central  processing  units  configured  in a fully  connected,  distributed 
network. Each of the  four computer systems i n  th is  network and the  associated 
analog and digi ta l  d a t a  acquisition,  recording,  control, and display equipment 
are  described a n d  functional  capabilities  outlined. 

INTRODUCTION 

Reliable  instrumentation is   essent ia l  when used in a major wind tunnel 
such as  the National Transonic Facil i ty ( N T F ) .  Also, due t o  operating  costs, 
as high as $32 per second,  automation i s  a prime consideration. Of th i s   cos t ,  
over $31 per second is  for  l iquid  nitrogen which is  injected  into  the  circuit  
t o  permit testing a t  higher Reynolds  number. The  b!TF ( r e f .  1 )  will be a 
2.5-meter (8.2  feet)  cryogenic, high Reynolds  number, fan-driven,  transonic 
wind tunnel and  i s  scheduled for  initial  operation  in 1982. I t  will  operate 
a t  Mach numbers  from 0.1 t o  1 . 2 ,  stagnation  pressures from 100,000 t o  
900,000 N/m2 (14 .5  t o  130 p i a )  and stagnation  temperatures from 352 degrees 
down t o  80 degrees Kelvin (1  74 t o  -316 degrees F ) .  The  maximum Reynolds 
number capability  will be 120 million a t  a Mach number o f  1 . 0  based on a 
reference  length  of 0.25 meters (10 inches). A perspective view of the 
f a c i l i t y   i s  shown i n  figure 1 .  

This  paper describes a multicomputer configuration which uses a fu l ly  
connected distributed network to  support  the NTF data system complex 

measurement devices. The instrumentation  will  reach many areas o f  tne 
f ac i l i t y .  A plan view of  the  control room, tes t   sect ion,  and s ignif icant  
transducer  locations i s  shown in figure 2.  

Actual implementation of t h i s  system will be carried  out over a 6-year 
(1977-1982) period. Minor changes have evolved in  the  initial  design concept 
and will  continue t o  do so d u r i n g  this  period. The conceptual hardware and 
functional  software  design i s  an LaRC effor t .  

Actual hardware manufacture,  integration, and system software implemen- 
tation have  been contracted t o  several computer equipment vendors and computer 
related  service companies. 
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GENERAL DESCRIPTION OF THE DISTRIBUTED NETWORK 

The complex will i n c l u d e   f o u r  MODCOMP c l a s s i c  7863 computers i n  a p o i n t -  
t o - p o i n t ,   f u l l y   c o n n e c t e d ,   d i s t r i b u t e d   n e t w o r k   c o n f i g u r a t i o n  as  shown i n  
f i g u r e  3. The p r i n c i p l e   a c t i v i t i e s   t o  be  suppor ted  by  the NTF ins t rumen t  
complex i l l u s t r a t e d   i n   t h i s   f i g u r e   a r e   ( 1  ) data  base management and 
communications (DMC) , ( 2 )  research  measurement d a t a   a c q u i s i t i o n   a n d   d i s p l a y  
(DAS), (3)  t unne l   pa ramete r   con t ro l  (TPC), and (4)  p rocess   mon i to r ing  (PMC). 
The d i s t r i bu ted   ne twork   app roach  was c h o s e n   . t o   s i m p l i f y   d e f i n i t i o n  o f  t h e  
f u n c t i o n a l   s o f t w a r e   i n t o  more  modular   par ts   to   a l low  implementat ion  by  the 
var ious   g roups   invo lved  in   the   des ign  and t o   p e r m i t  use o f   s i m i l a r  hardware 
c o n f i g u r a t i o n s   t o   i m p r o v e   a v a i l a b i l i t y  and m a i n t a i n a b i l i t y .   T h i s   d e s i g n  will 
al low   essen t ia l   p rocesses   t o   con t i nue  when major   hardware   fa i lu res   occur .  
Th i s  will be  ach ieved   by   sw i t ch ing   pe r iphe ra l s   and   essen t ia l   i npu t /ou tpu t  sub- 
sys tems  f rom  fau l ty   equ ipment   to   opera t iona l   equ ipment   and  by   permi t t ing  a 
d e g r a d a t i o n   i n   r e s p o n s e   o f   n o n - t i m e   c r i t i c a l   a c t i v i t i e s .   R e s e a r c h  measurement 
d a t a   a c q u i s i t i o n   a n d   p r o c e s s   m o n i t o r i n g   a r e   i d e n t i f i e d  as e s s e n t i a l   f u n c t i o n s  
which  must  be f u l l y   s u p p o r t e d   a t   a l l   t i m e s .  

The s i x   s e r i a l  1/0 l i n k s  between  the  four CPU's f o r m   t h e   p o i n t - t o - p o i n t  
commun ica t i on   l i nes   o f   t he   ne twork   ( f i g .  3). Direct   communicat ion  between a l l  
CPU's will be poss ib le   and  ind i rect   communicat ion  between one  computer  and 
t h e   o t h e r  two wi 11 be poss ib le   t h rough   the  DMC and i t s  1 i nks .  Each o f   t h e s e  
h i g h  speed s e r i a l   l i n k s  can t r a n s f e r  200K by tes   pe r  second. 

The DMC and DAS will each c o n t a i n  256K words  (16 b i t )   o f  sol i d   s t a t e  MOS 
e r r o r   c o r r e c t i n g  memory and the  TPC and PMC will c o n t a i n  128K words. Memory 
c y c l e   t i m e   i s  150 nanoseconds. 

A group o f  DMC s tandard   per iphera ls   inc lud ing   th ree   magnet ic   tapes ,  two 
l i n e   p r i n t e r s ,  two   ca rd   readers ,   t h ree   t e lep r in te rs ,   f ou r   a lphanumer i c   co lo r  
CRT's and  o ther   g raph ic   ou tpu t   dev ices  will be i n d i v i d u a l l y   o r   g r o u p   s w i t c h a b l e  
to  the  other  computer  subsystems  through  two  dual   access  programable  1/0  bus 
swi tches  and  three  dual   access  programable  per iphera l   se lector   swi tches.  The 
r e s u l t i n g   f u n c t i o n a l   h a r d w a r e   b l o c k   d i a g r a m   i s  shown i n   f i g u r e  4. The Research 
and  Model P repara t i on  DAU capabi 1 i ty w i  11 be sw i t chab le   t h rough  a programable 
dua l   access   per iphera l   se lec to r   sw i tch  t o  t h e  DMC when problems e x i s t   i n   t h e  
DAS CPU. A s i m i l a r   s w i t c h i n g   f u n c t i o n  on t h e  PMC will swi t ch   t he   Con t ro l  DAU 
t o   t h e  TPC th rough a programable  dual  access 1/0 bus swi tch .  

The DAS , TPC , and PMC subsystems will use an  a1 phanumeric  console CRT f o r  
sys tem  cont ro l  and  a l a rge   capac i t y   d i sk   un i t   f o r   p rog ram  and   l oca l   da ta  
storage.  Accumulated  data will be t r a n s f e r r e d   f r o m   t h e   l o c a l   d i s k   t o  a 
m a g n e t i c   t a p e   u n i t   f o r   p e r m a n e n t   s t o r a g e .   S i n c e   e a c h   l o c a l   d i s k   u n i t   i s   o f  
the   removab le   car t r idge   type ,  if hardware   fa i lu res   occur   the   da ta   accumula ted  
a t  each  system  could be p h y s i c a l l y   t r a n s f e r r e d   t o   t h e   d a t a  management CPU and 
r e c o r d e d   d i r e c t l y   o n   m a g n e t i c   t a p e   a f t e r  a t e s t .  
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DATA BASE MANAGEMENT SUBSYSTEM 

The data base management  and processing CPU will   control  access  to  al l  
standard  peripheral  equipment,  maintain  master f i l e s  of all  processors, 
library  routines,  user  application programs, archival  data  for comparison, 
and logical  files  of  information  for the other  three computers. 

Job entry  control  will be via a standard  alphanumeric CRT. Two 1000 cards- 
per-minute  card  readers  will  allow i n p u t  o f   log ica l   f i l es   to  be used by this 
CPU or  passed to   the  other  CPU's. 

L i s t i n g  devices  will  include two  600 lines-per-minute  printers and three 
120 character-per-second  teleprinters. An interact ive 0.569 x 0.432  meter 
(22.4 x 17 inch)  plotter  will  provide  report  quality  plots. A 48-cm 
(19 inch)  diagonal, 512 x 512 resolution,  interactive  color  graphic CRT will  
provide  online  presentation  of tes t  progress.  Additional hardcopy output 
w i  11 be available on  a  79 dots-per-cm  (200  dots  per  inch) , 28-cm (11  inch) , 
e lec t ros ta t ic   p r in te r /p lo t te r .  Data collected d u r i n g  several weeks of a given 
t e s t  can  be stored and recalled from the system archival   f i les   for  comparison 
w i t h  data  being  obtained d u r i n g  a current  tunnel run. 

Recording devices  will  include  three  independently  control  led  magnetic 
tape units. These units are  9-track, dual density, 315/630 b i t s  per cm 
(800/1600 b i t s  per  inch) w i t h  recording  speeds  of 60K o r  120K bytes  per 
second. The computer subsystems wi l l   a l l  use the same type of system d i s k  
u n i t .  This d i s k  i s  a larger  capacity u n i t  w i t h  166 megabytes capacity, 
36-millisecond  average  access and  806K bytes  transfer  rate.  The DMC will 
support  posttest and real-time  batch  processing  for  obtaining  listed or 
plotted  data  for  planning follow-on t e s t s .  

This system also  includes a  communication handler t o  provide  access t o  
outside computers  such as  NASA's Instrument Research Division fo r  program 
development, t e s t ,  and debugginn, and  LaRC central computer complex fo r  
transmittal  of  test  data  for  additional  analysis and data  reduction.  Several 
other synchronous and asynchronous l ines  wiil  be ava i lab le   a t   ra tes  from 
110 t o  1200 baud to  connect to  other National computing f a c i l i t i e s  u s i n g  l i n e  
protocols  supported by the complex. This access  will be beneficial  to groups 
scheduling t e s t s  which require customized  processing and WI I I  permit program 
development debugging prior  to  the  actual  schedule  test .  I t  can a l so  be 
used to  return  data  to  outside  sources  concurrent w i t h  the ongoing t e s t .  

DATA ACQUISITION SUBSYSTEPI 

The DAS system as shown  on the l e f t   s i d e  of figure 5 will be principally 
concerned w i t h  the management of 256 channels of research measurements from 
the tunnel and  64 channels  of  setup  data from three model preparation  areas. 
Each of these NEFF 620 se r i e s  200 amplifier  per channel DAU's are  separate 
and  can operate  independent  of each other. Both of  the DAU's will be located 
i n  the  control room.  The  model preparation  areas  will each u t i l i z e  a remotely 
located patchboard t o  provide  shared  access  to  the 64-channel DAU. Measurement 
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convers ion  will o c c u r   a t   r a t e s  up t o  50,000 samples  per  second f o r  each DAU. 
Each l o w - l e v e l   d i f f e r e n t i a l   c h a n n e l  will inc lude  p rogramable   ga in   ranges   f rom 
4 t o  131 mV f u l l   s c a l e  and h igh - leve l   ranges  will cover   the   0 .262  to  
8.388 v o l t  range. D I P  p l u g - t y p e   t h r e e   p o l e   a c t i v e   a n t i a l i a s i n g   f i l t e r s   w i t h  
break  f requencies o f  1, 10,  and  1,000 Hz a r e   a v a i l a b l e .   A u t o m a t i c   c a l i -  
b r a t i o n   f o r   g a i n   a n d   o f f s e t  will be  under   so f tware   con t ro l .   Ca l i b ra t i on  
s igna ls   a re   de r i ved   f rom  an   E lec t ron i c   Deve lopmen t   Corpo ra t i on  model  501 
p rog ramab le   vo l tage   s tandard .   Overa l l   i naccu racy   o f   t he  DAU i s  es t imated  
t o  be  no  more  than  0.2  percent o f   f u l l   s c a l e .  

F u t u r e   p l a n s   c a l l   f o r   a n   i n t e r f a c e   t o  a 28-channel FM t a p e   r e c o r d e r   t o  
accommodate data  bandwidths up t o  20 kHz. A p rog ramab le   i n te r face  will r o u t e  
t h e  FM o u t p u t   t o   t h e   s e t u p   a r e a  DAU i n p u t   t o   p e r m i t   p o s t r u n   d i g i t i z a t i o n  and 
p l a y b a c k   c u r r e n t   w i t h   t e s t   s e c t i o n   d a t a   a c q u i s i t i o n .  

D i s c r e t e   f u n c t i o n   i n p u t s / o u t p u t s   a r e   a v a i l a b l e  t o  p r o v i d e   c o n t r o l s   t o  
powered o r  m o v a b l e   m o d e l s ,   d r i v e   n u m e r i c   d i g i t a l   i n d i c a t o r s   w i t h  computed 
c o e f f i c i e n t s ,   r u n  numbers, Yach numbers,  etc.,   and  accept  inputs  from  user- 
o r i e n t e d   d a t a   a c q u i s i t i o n   c o n t r o l   p a n e l s .  

F i v e   e l e c t r o n i c   p r e s s u r e   s c a n n e r   ( r e f .  2 )  DACU's will b e   i n t e r f a c e d   t o  
t h e  DAS v i a   a n  I E E E  488 i n t e r f a c e   t o  accommodate t e s t s   r e q u i r i n g  up t o  a 
thousand  pressure  measurements.  These  units  scan a l l   p r e s s u r e   p o r t s  
e l e c t r o n i c a l l y   a t  a 14 kHz r a t e   w i t h  500 measurements per  second  throughput. 
Measurement inaccuracy  i s  no  more t h a n   0 . 2 5   p e r c e n t   o f   f u l l   s c a l e   o v e r  a 
pressure  range o f  34,475 t o  689,502 N/m2 ( 5  t o  100 p s i a ) .  

TUNNEL  PARAMETER  CONTROL  SUBSYSTEM 

The tunne l   parameter   con t ro l   subsys tem  does   no t   inc lude an independent 
DAU b u t   r e c e i v e s   f e e d b a c k   i n f o r m a t i o n   f r o m   t h e  PMC DAU and i t s  remote 
measurement u n i t s .  The subprocess  microcomputer   cont ro l lers  will be  used 
f o r   c o n t r o l   o f   ( 1 )  Mach number, (2 )   s tagna t ion   t empera tu re ,  ( 3 )  s t a g n a t i o n  
p r e s s u r e ,   ( 4 )   d r i v e  speed,  and ( 5 )  t e s t   s e c t i o n   c o n f i g u r a t i o n  and  model 
c o n t r o l .   A d d i t i o n a l   d i g i t a l   i n p u t s / o u t p u t s   w i t h   w a t c h d o g   t i m e r   f e a t u r e s  will 
be made t o   i n s u r e   t h a t   h a r d w a r e   i n t e r l o c k s  and  permiss ives  are i n   o r d e r  and 
t h a t   s a f e   o p e r a t i o n   c a n  be achieved. 

PROCESS MONITORING  SUBSYSTEM 

The process   mon i to r ing  CPU, console CRT, and d i s k  will be  as   p rev ious ly  
d e s c r i b e d   f o r   t h e   o t h e r  CPU's.  The DAU i s  t h e  NEFF 620 s e r i e s  400 l o w - l e v e l  
m u l t i p l e x e r  and  accommodates 256 channels,  16 o f   w h i c h   a r e   d e d i c a t e d   t o  
c a l i b r a t e   i n p u t s .   I n p u t s  will range  from  single-ended  +8 V f u l l   s c a l e   t o  
l o w - l e v e l   d i f f e r e n t i a l  +4 mV fu l l   sca le .   Samp l ing   ra te -w i l l  be  up t o  10,000 
measurements p e r  second, The process   var iab les   mon i to red  will i n c l u d e  
measurements  such  as  tunnel   pressure  and  stress,   dr ive  system  temperatures 
and v i b r a t i o n ,  power   consumpt ion ,   e tc .   D isc re te   func t ion   inpu t /ou tpu ts  will 
d r i v e   a l a r m s ,   b e l l s ,  and v i s u a l   d i s p l a y s   t o   i n d i c a t e   o u t - o f - l i m i t   c o n d i t i o n s .  
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In addition  to  the  local DAU, the PMC will  interface t o  four Remote 
;4easurement Units (RMU's) and  three  event  sequencers. The  RtllU's will  be 
located  near  the  tunnel  wall  in  four  different  locations and  accommodate 
160 measurements. Analog-to-digital  conversion  will  take  place  in  the RMU 
and the  values  digitally  transmitted t o  the  control room RMU interface .where 
an~other RS-232-C link  will  carry  the  information t o  the PMC. The three  event 
sequencers  will each have an independent RS-232-C interface t o  the PMC. A 
to ta l  of 2600 discrete  digital  inputs and outputs  will  transmit  process  status 
t o  the  sequencers from throughout the tunnel complex. This  information  will 
then be analyzed and sent  to  the PMC for  processing and  recording. 

DAU switching  similar t o  t h a t  previously  discussed  for  the DAS will   exist  
between the PPlC and  TPC. 

CONTROL ROOM FUNCTIONAL ACTIVITIES 

The various  control room functional  activit ies  are shown in  figure 6. 
A t  position ( 1  ) will be the Tunnel Control Operator. He will  operate and  
monitor  the  tunnel tes t   controls   for  fan speed and in le t  guide vane angle 
(these two determine Mach)  and pressure and temperature. The equipment 
located  in  front and  t o  the  right  will  support  this  activity. A typical 
tunnel  control  operator CRT display  is  shown in  figure 7 .  

The  Model Control Operator ( 2 )  will  operate and monitor controls  for  the 
model support system and test  section  configuration, which i s  determined by 
the  reentry and wall f laps.  His s u p p o r t  equipment i s  i n  f r o n t  and t o  the   l e f t  

1 of his  location. 

~ The Facil i t y  Engineer ( 3 )  will monitor the  overall   facil i ty  status and 
be the  control room supervisor. He i s  concerned with such things a s  liquid 
nitrogen  supply,  electric power, overal l   faci l i ty   safety,  and  general t e s t  
coordination. A typical  Facility Engineer CRT display  is  shown in figure 8. i Beside him the  Test  Engineer ( 4 )  has graphic  display CRT's t o  monitor the 

' overall model test  progress. He has control o f  the   tes t  from the  standpoint 
of  adding or deleting  runs. 

- The  Computer Operator ( 5 )  is  responsible f o r  in i t ia l   s ta r tup  o f  the 
computer systems,  reconfiguration of the equipment i f  hardware failures  occur, 

monitoring s ta tus  from the computer operatiny system software. 
t mounting tapes and  disks,  placing paper  in plot ters  a n d  l ine  pr inters ,  a n d  

The Applications Programer ( 6 )  prepares  special  software  for  real-time 
calculations and displays and for  the  posttest  analysis and  d a t a  formatting. 

The Research Engineer ( 7 )  may  be the model designer o r  his  representative 
and will be viewing and interpreting  the  real-time  data. 

The  Yodel Preparation Area Operator (8) will perform several of the 
previously  discussed  functions  in  the  process o f  pretest  model buildup and  
checkout which will  include span tes t ,   cal ibrat ion,   leak  tes t ing,  and other 
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ac t iv i t i e s  as  required by special model designs. A typical CRT display used 
by the Model Preparation Area Operator, Research Engineer, and Test Engineer 
is  shown i n  figure 9. 

CONCLUDING REMARKS 

The NTF could be an expensive wind tunnel to  operate,  principally because 
of the cost  o f  liquid  nitrogen.  Therefore,  reliable automation is  essent ia l .  
The distributed computer network along w i t h  hardware interlocks on c r i t i ca l  
controls should  provide  acceptable r e l i ab i l i t y .  The shared  peripherals 
approach has minimized hardware costs and will improve system maintainability 
since fewer peripherals  are  required.  Certainly segmenting the  instrumentation 
complex i n t o  subsystems will  simplify  the  software  design problems encountered 
in a single,   large system  approach. Also, the segmented approach permits 
more redundancy for  enhancing r e l i a b i l i t y  and fewer problems in  defining and 
coordinating  the  efforts of software development teams. The smaller  software 
structure  in each separate CPU will be  much  more responsive t o  revision and 
enhancement. 
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F i g u r e  1.- Pe r spec t ive   v i ew of NTF showing  data  
system  complex areas. 
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F i g u r e  2.- C o n t r o l  room, test s e c t i o n ,   a n d  
remote  measurement units. 
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ACQUISITION 

Figure  3.- Data system complex - f u l l y  connected 
dis t r ibu ted   computer   ne twork .  
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Figure  4.- Data system  complex  functional  equipment  connection. 
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Figure  5.- NTF d a t a  system complex block diagram. 
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F i g u r e  6 . -  lJTF c o n t r o l  room f u n c t i o n a l  act ivi t ies .  
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F i g u r e  7.- C o n t r o l   s y s t e m   s t a t u s  CRT d i s p l a y .  

F i g u r e  8.- F a c i l i t y   e n g i n e e r  CRT d i s p l a y .  
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F i g u r e  9.- T e s t  engineer  CRT d i s p l a y .  





CRYOGENIC WIND TUNNEL  FORCE  INSTRUMENTATION 

A l i c e  T. F e r r i s  
Langley  Research  Center 

SUMMARY 

NASA LaRC has deve loped  one-p iece   s t ra in  gage f o r c e   b a l a n c e s   f o r  use i n  
c ryogen ic   w ind   t unne l   app l i ca t i ons .   Th i s  was accomp l i shed   by   s tudy ing   t he   e f -  
f e c t  o f  the   c ryogen ic   env i ronment  on m a t e r i a l s   s t r a i n  gages , cements so lde rs  , 
a n d   m o i s t u r e - p r o o f i n g   a g e n t s   a n d   s e l e c t i n g   t h o s e   t h a t   m i n i m i z e d   s t r a i n  gage 
o u t p u t  changes  due t o  temperature. Wind t u n n e l   r e s u l t s   o b t a i n e d   f r o m   t h e  
Langley  0.3-Meter  Transonic  Cryogenic  Tunnel  were  used t o   v e r i f y   l a b o r a t o r y  
t e s t   r e s u l t s .  

INTRODUCTION 

The N a t i o n a l   T r a n s o n i c   F a c i l i t y  will impose  ra ther   severe   requ i rements  on 
the  measurement o f  aerodynamic  forces  and moments. N o t   o n l y  does the   c ryogen ic  
env i ronment   present  an unusua l   su r round ing   f o r   t he   f o rce   ba lance ,   bu t   a l so ,   be -  
cause o f   t h e   t u n n e l ' s   h i g h   d e n s i t y   c a p a b i l i t y ,   t h e   m a g n i t u d e   o f   t h e   l o a d   t o  be 
measured  can  be much g r e a t e r   t h a n   t h a t   o f  a c o n v e n t i o n a l   t u n n e l   o f   t h e  same 
s i z e .   A l t h o u g h   p u s h i n g   t h e   s t a t e   o f   t h e   a r t ,   i n i t i a l   s t u d i e s   i n d i c a t e   t h a t  one- 
p iece  , hi   gh-capaci  ty  s t r a i  n-gage  balances can  be bu i  1 t t o   s a t i s f y   c r y o g e n i c  
requi   rements.  

This   paper  will o u t l i n e   t h e   w o r k   t h a t  has  been  accomplished a t   Lang ley  
Research   Cen te r   wh i l e   i nves t i ga t i ng   t he   e f fec ts   o f   t he   c ryogen ic   env i ronmen t  on 
one-piece  mult icomponent  strain-gage  balances  for   use i n   t h e   N a t i o n a l   T r a n s o n i c  
F a c i l i t y  (NTF) a t   t h e   N a t i o n a l   A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  (NASA) , 
Langley  Research  Center (LaRC) , Hampton, VA. The NTF i s  scheduled  to   begin 
o p e r a t i o n   i n  m i  d-1982. 

BALANCE  LOAD CONS1 DERATIONS 

Since  the  aerodynamic  forces  and moments w i  11 be much h i g h e r   i n   t h e  NTF as 
compared t o  a c o n v e n t i o n a l   t u n n e l   o f   t h e  same s i z e ,   t h e   b a l a n c e   l o a d   c a r r y i n g  
c a p a c i t y   f o r  a g i v e n   s i z e   d i a m e t e r  becomes qu i te   impor tan t .   Des ign   s tud ies   and 
exper imen ta l   resu l   t s   have   i nd i ca ted   t o   wha t   deg ree   t he   l oad   ca r ry ing   capac i t y  
can  be  increased  and s t i l l  meet e x i s t i n g   r i g i d   b a l a n c e   p e r f o r m a n c e   c r i t e r i a .  
F igu re  1 i n d i c a t e s   t h e   l o a d s   t h a t  can  be c a r r i e d   b y   b a l a n c e s   t h a t   r a n g e   i n   s i z e  
from 2 cm ( 1   i n c h )   t o  10 cm (3 .5  inches)  i n  d iameter .  A t y p i c a l   r a t i o   o f   s i m u l -  
taneous  loads on a six-component  balance i s  p resented  i n   t h e   t a b l e   i n   t h e  upper 
l e f t   o f   t h e   f i g u r e .  The lower   curve  was e m p i r i c a l l y   d e r i v e d   f r o m  LaRC's e x i s t -  
e n t   b a l a n c e s   w h i c h   f a l l  on o r  be low  th i s   cu rve .  It was f o u n d   t h a t   t h e   l o a d - t o -  
d i a m e t e r   r a t i o   c o u l d  be i n c r e a s e d   t o   t h a t   o f   t h e   A i d d l e   c u r v e   w i t h o u t   d e g r a d i n g  
performance.  Three  balances  have  been  constructed  wi th  th is  increased  load 
c a p a c i t y   w i t h  good r e s u l t s .  These ba l  ances h e r e a f t e r   c a l   l e d   h i g h - c a p a c i  ty  
balances,  are shown as t h e  shaded c i r c l e s  on the  middle  curve.   Three  h igh-  
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capac i t y   ba lances   a re  shown on t h e   f i g u r e  as unshaded c i r c l e s .  The upper c i r -  
c l e   i n d i c a t e s   t h a t  a balance will have t o  have a d iameter   o f   approx imate ly  9 cm 
( 3 . 4   i n c h e s )   t o   c a r r y   t h e  maximum loads  expected i n   t h e  NTF. A mid-range  bal-  
ance,  designated NTF-101, has  been f a b r i c a t e d   a n d   i s   c u r r e n t l y   b e i n g   c a l i b r a t e d .  
Th is   ba lance was d e s i g n e d   f o r  use i n   i n i t i a l   t u n n e l   t e s t s   i n   t h e   " p a t h f i n d e r "  
model . 

The maximum l o a d   c a r r y i n g   c a p a c i t y   f o r  a g iven  d iameter  can be  increased 
f u r t h e r   b y   u s i n g  a three-component  balance when t h i s   i s   a p p r o p r i a t e .  The max- 
imum load   ca r ry ing   capac i t y   o f   t h ree -componen t   h igh -capac i  ty balances i s  
dep ic ted   by   the   upper   curve .  

Two immediate  consequences  of  going t o   h i g h - c a p a c i  ty balances  can  be  in-  
c reased   ba lance   de f l ec t i ons   and   more   c r i t i ca l   o r   demand ing   ca l i b ra t i on   p roced-  
u res .   W i th   i nc reas ing   de f l ec t i ons ,   second-o rde r   i n te rac t i ons  become more pro-  
nounced  making i t  i m p e r a t i v e   t h a t   c r o s s l o a d   c o m b i n a t i o n s   b e   a p p l i e d   i n   t h e  
c a l i b r a t i o n   p r o c e d u r e .   E v a l u a t i o n   o f  a1 1 second-order  terms  have  long been an 
LaRC p o l i c y  so  t h i s   p r e s e n t s   n o  new requirement.  

The b a s i c   d e s i g n   o f  a ba lance  fo r  LaRC c r y o g e n i c   a p p l i c a t i o n s  will n o t   d i f -  
f e r   s i g n i f i c a n t l y   f r o m   t h a t   o f  LaRC convent ional   ba lances.   F igure 2 i s  a draw- 
i n g   o f  NTF-101.  The m a j o r   d e s i g n   d i f f e r e n c e   i s   t h a t  o f   m in im iz ing   a reas   o f   h igh  
s t ress   concent ra t ions ,   such as threads , and f i n d i n g  model  and s t i ng   a t tachmen t  
methods t h a t  will m a i n t a i n  a good f i t  throughout   the  cryogenic   temperature 
range  and  under  large  temperature  gradients.   Figure 2 shows t h e  model  and 
s t ing   a t tachment   des igns   chosen  fo r  NTF-101. A d d i t i o n a l   d e s i g n   w o r k   i s  
c o n t i n u i n g   i n   t h i s   a r e a .  

A survey was c o n d u c t e d   t o   f i n d   s u i t a b l e   b a l a n c e   m a t e r i a l s   f o r   c r y o g e n i c  
use. If a balance i s  a l l owed   to   f o l l ow   the   w ind   t unne l   ope ra t i ng   t empera tu re ,  
the   ba lance  mater ia l   must  meet y i e l d   s t r e n g t h ,   f r a c t u r e   t o u g h n e s s ,  and  impact 
s t reng th   requ i remen ts  a t  temperatures down t o  77 K (139OR). F igure  3 presents  
in fo rmat ion  o n   t w o   m a t e r i a l s   f o r  LaRC convent ional   ba lances and th ree   o the rs  
be ing   cons idered  fo r   c ryogen ic   use .  

The marag ing   s tee l s ,   deve loped   by   I n te rna t i ona l   N icke l  Company, a re  so  
named f r o m   t h e   f a c t   t h a t   t h e   a l l o y   i s   m a r t e n s i t i c   i n   t h e   a n n e a l e d   c o n d i t i o n  and 
a t t a i n s   i t s   u l t r a - h i g h   s t r e n g t h  by a s imp le   ag ing   t rea tment .  The  numbers 200, 
250, and 300 c o r r e s p o n d   t o   t h e   t y p i c a l   y i e l d   s t r e n g t h s   d e v e l o p e d   a f t e r   a g i n g  
( i n   E n g l i s h   u n i t s ) .  

The HP 9-4-25 s tee1 i s  a member o f  a f a m i l y   o f   s t e e l s   d e v e l o p e d   b y  Republ i c  
S t e e l  Company t o  improve i m p a c t   s t r e n g t h   w h i l e   m a i n t a i n i n g   h i g h   y i e l d   s t r e n g t h s .  

A chromi  um-ni  ckel  -copper a1 loy  developed  by Armco S t e e l  Company, 17-4 PH , 
achieves i t s  strength  and  hardness  through a c o m b i n a t i o n   o f  a m a r t e n s i t i c  
t r a n s f o r m a t i o n   a n d   p r e c i p i t a t i o n   h a r d e n i n g .  

I n - h o u s e   t e s t i n g   i s   c u r r e n t l y   i n   p r o g r e s s   t o   c o n f i r m   t h e s e   p h y s i c a l   c h a r -  
ac te r i s t i cs   ob ta ined   f rom  manu fac tu re r ' s   b rochures   and   t o   ob ta in   t he   f rac tu re  
toughness a t  77 K (1390R)  which i s  n o t  now a v a i l a b l e .  As a n t i c i p a t e d ,   t h e  
change i n   y i e l d  and u l t i m a t e   s t r e n g t h   o f   b a l a n c e   m a t e r i a l s   a t  77 K (1390R) was 
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n o t  a p rob lem  s ince   mos t   ma te r ia l s   t end   t o  be s t ronger   a t   l ower   t empera tu res ;  
however ,   they   a lso   tend  to  become b r i t t l e .  The s i g n i f i c a n t   d e c r e a s e   i n  
i m p a c t   s t r e n g t h   o f   t h e   c o n v e n t i o n a l   b a l a n c e   m a t e r i a l s   a t  77 K (139'R) 
i n d i c a t e s   t h a t   t h e s e   m a t e r i a l s  become q u i t e   b r i t t l e   a t   c r y o g e n i c   t e m p e r a t u r e s .  

A c r i t e r i a  was e s t a b l i s h e d   f o r  NTF t h a t   r e q u i r e d   m a t e r i  a1 s used a t  
c ryogen ic   tempera tures   to   have  impact   s t rengths   tha t   meet   o r   exceed  the  
room t e m p e r a t u r e   i m p a c t   s t r e n g t h   o f   c o n v e n t i o n a l   m a t e r i a l s   f o r   t h a t   a p p l i c a t i o n .  
T h i s   c r i t e r i a   s h o u l d   i n s u r e   t h a t   i m p a c t   f a i l u r e s   s h o u l d   n o t   b e  any  more o f  a 
r i s k   i n  NTF t h a n   i n  a convent iona l   w ind   tunne l .  However, t h e  number o f  meta ls  
t h a t   h a v e   b o t h   h i g h   y i e l d   s t r e n g t h   a n d   h i g h   i m p a c t   s t r e n g t h   a t   c r y o g e n i c  
temperatures i s   v e r y  1 imi ted. 

O f  t h e   t h r e e   c a n d i d a t e   c r y o g e n i c   m a t e r i a l s  , Marqgi  ng  200  has  been  chosen 
over  Maraging 250  because o f   i t s   h i g h e r   i m p a c t   s t r e n g t h   a t   c r y o g e n i c  tem- 
peratures  and  chosen  over   the HP 9-4-25  because i t  has a  much s i m p l e r   h e a t  
t reatment  procedure  and i s   a v a i l a b l e   i n   t h e   s m a l l e r   q u a n t i t i e s  we use. 
HP 9-4-25  must  be  bought i n   q u i t e   l a r g e   l o t s .  

S ince   t he   se lec t i on   o f   Marag ing  200, t h e   s h o r t a g e   o f   c o b a l t ,  one o f   t h e  
c o n s t i t u e n t s   o f   t h e   m a r a g i n g   s t e e l s ,  has s e r i o u s l y   i m p a c t e d   t h e   a v a i l a b i l i t y  
o f   t h i s   m a t e r i a l .  A su rvey   o f   va r ious   s tee l   compan ies '   s tock  has d i s c l o s e d  
a l i m i t e d   s u p p l y   o f   M a r a g i n g  225  and a s tee l   deve loped   fo r   t he  B-1 P r o j e c t ,  
Af1410. B o t h   o f   t h e s e   m a t e r i a l s   a r e   b e i n g   e v a l u a t e d  as t o   t h e i r   s u i t a b i l i t y  
f o r   c r y o g e n i c   b a l a n c e   a p p l i c a t i o n s .   E v a l u a t i o n   o f   o t h e r   m a t e r i a l s  will 
c o n t i n u e   u n t i l  a s a t i s f a c t o r y   " b a c k u p "   m a t e r i a l   i s   f o u n d   o r   t h e   m a r a g i n g  
s t e e l s  become more p l e n t i f u l .  

TEMPERATURE CONSIDERATIONS 

Because o f   t h e   w i d e   o p e r a t i n g   t e m p e r a t u r e   r a n g e   o f   t h e  NTF, i t  i s  
necessary t o  have a b a l a n c e   t h a t   e i t h e r  has wel l -behaved,  def inable,   and 
m in im ized   t empera tu re - induced   ou tpu t   ove r   t he   en t i re   t empera tu re   range   o r  
has tempera tu re   con t ro l   t o   ho ld   t he   su r round ing   env i   ronmen t   o f   t he   ba lance  
t o  a known, s tab le   cond i t ion .   Bo th   approaches  a re   be ing   eva lua ted .   S ince  
t h e   p r e l i m i n a r y   w i n d   t u n n e l   s t u d i e s ,   c o n d u c t e d   i n  1974,  used a "s tandard"  
type  balance  and  placed  the  most  emphasis on the rma l   con t ro l ;  an e v a l u a t i o n  
program was undertaken i n  1975 to   see i f  i m p r o v e d   s t r a i n  gage techno1  ogy 
could  be  used  to  produce a b a l a n c e   t h a t   w o u l d   o p e r a t e   s a t i s f a c t o r i l y   a t  
cryogenic   temperatures.  

C ryogen ic   S t ra in  Gage Appl i cat ion  Devel  opment 

Comprehensive  tests  were made u s i n g   t e s t  beams t o   d e t e r m i n e   t h e   b e s t  
c o m b i n a t i o n   o f   s t r a i n  gages ,   adhes ive ,   so lder ,   w i r ing ,   and  mo is tu re-proo f ing  
on  each o f   t h e   c a n d i d a t e   b a l a n c e   m a t e r i a l s .   T h i s   p r o g r a m  was des igned   to  
de f ine ,   and  min imize   where   poss ib le ,   the   e f fec ts   o f   the   c ryogen ic   env i ronment  
on s t r a i n  gage o u t p u t  when compared t o   i t s   o u t p u t   a t  room  temperature. 
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A Karma ( K - a l l o y ) ,  SK-11, s t r a i n  gage was  made t o   o u r   s p e c i f i c a t i o n s   f o r  
t h e   s e l e c t e d   b a l a n c e   m a t e r i a l  , Yaraging 200. T h i s  gage w i t h   i t s   s e l f -  
t empera tu re -compensa t ion   f ac to r   o f   11   m in im ized   t he   apparen t   s t ra in   ou tpu t  
(no - load   ou tpu t  due t o   t e m p e r a t u r e   v a r i a t i o n )   o v e r   t h e   e n t i   r e   c r y o g e n i c  
temperature  range.  Also,  the  change i n  gage f a c t o r   ( s e n s i t i v i t y   s h i f t )  
o f   t h e  SK-11 gage was most   near ly   equa l   and  oppos i te   to   the   change  in   modu lus  
o f   t h e   M a r a g i n g  200, t h e r e b y   m i n i m i z i n   s e n s i t i v i t y   s h i f t  vs. temperature 
(1.1% s h i f t  297 K (5400R) t o  77 K (139 % R) ) .  

Adhes i ve 

Var ious   adhes ives   were   sub jec ted   to   thermal   shocks   and  la rge   s t ra ins  
w h i l e   t h e   o u t p u t  was checked f o r   e v i d e n c e   o f   p e r m a n e n t   z e r o   s h i f t s   o r   h y s t e r e s i s  
under  load. The se lected  epoxy-based  adhesive  that   met   these  tests  was 
"610, a p roduc t  o f  Micro-Measurements. 

So 1 der  

SoldeK  connections weKe s u b j e c t e d   t o  a number o f   t h e r m a l   c y c l e s   f r o m  
394 K (71 0 R) t o  77 K ( 1  39 R) . Three of t h e   t e s t e d   s o l d e r s   m a f n t a i n e d   t h e i r  
e l e c t r i c a l   i n t e g r i t y   t h r o u g h o u t   t h e   t e s t s .  However, the  two  so lders  con-  
t a i n i n g   a n t i m o n y  showed a tendency t o  become b r i t t l e  and c r y s t a l l i z e   a f t e r  
long-term  cryogenic  exposure.  A s o l d e r   c o n t a i n i n g  1.8% s i l v e r ,  570-28RY d i d  
n o t   e x h i b i t   t h i s   t e n d e n c y .   T h e r e f o r e  570-28RY  marketed by Micro-Measurements 
was s e l e c t e d   f o r   c r y o g e n i c   b a l a n c e   a p p l i c a t i o n s .  The on ly   undes i rab le  
c h a r a c t e r i s t i c   o f   t h i s   s o l d e r   i s   i t s   h i g h   m e l t i n g   p o i n t  570 K (1030'R) t h a t  
r e q u i r e s   t h a t   g r e a t e r   c a r e   m u s t  be exerc ised when a p p l y i n g   t h i s   s o l d e r   t o   t h e  
s m a l l   w i r i n g  and s o l   d e r   d o t s   o f   t h e   b r i d g e   w i r i n g .  

W i r i n g  

The w i r i n g  used f o r   c r y o g e n i c   a p p l i c a t i o n s   i s   s i l v e r - p l a t e d   c o p p e r   w i r e  
w i t h   T e f l o n   i n s u l a t i o n .  It was d i s c o v e r e d   d u r i n g   t e s t s   o f   c o n n e c t o r s   f o r  
c r y o g e n i c   a p p l i c a t i o n s   t h a t  a the rmocoup le   e f fec t  was e v i d e n t  on  one  lead. 
A 15 pV (0.3% F . S . )  s h i f t   o v e r  a temperature  change o f  180 K (325OR) was 
g e n e r a t e d   a t   t h e   j u n c t i o n   o f  one o f   t he   ba lance   w i res   and   one   o f   t he   l ead - in  
w i r e s .   T h i s   f i n d i n g   i n d i c a t e s   t h a t  i t  may be necessary t o  check a l l   w i r i n g  
j u n c t i o n s   i n   c r y o g e n i c   b a l a n c e s   f o r   t h e r m o c o u p l e   e f f e c t s   t h a t  will i n t r o d u c e  
e r r o r s   i n t o   b a l a n c e   o u t p u t .  

M o i s t u r e   P r o o f i n g  

No m o i s t u r e - p r o o f i n g  compound has  been f o u n d   t h a t  does n o t  have some 
e f f e c t   o n   a p p a r e n t   s t r a i n  when app l i ed   ove r   t he   s t ra in -gage   g r i d ,   a l t hough  
some were  found  that   were much be t te r   t han   t he   s tandard   ones   p rev ious l y  used. 
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While research is  continuing i n  this area, a rubber-based.moisture-proofing 
compound,  Micro-Measurements "coat B ,  i s  being  applied  only t o  exposed 
terminal s and w i  ri ng.  

BALANCE HRC-2 

A balance  designed specifically  for  evaluation was fabricated and  gaged 
i n  accordance w i t h  the  information  obtained from the aforementioned testing 
and evaluation program. T h i s  balance,  designated HRC-2,  i s  shown i n  
f igure 4. I t  i s  a three-component balance  (normal, ax ia l ,   p i tch)   tha t  i s  
2.54 cm (1 .!I inch) i n  diameter and 21  cm (8.352 inches) long and i s  su i tab le  
for  use i n  the Langley 0.3-Meter  Transonic Cryogenic  Tunnel. I t  i s  made o f  
Maraging 200 s teel  and has SK-11 Karma gages tha t   a re   ins ta l led  u s i n g  "610 
adhesive and  570-28R solder. "coat B i s  applied t o   a l l  exposed wires and 
terminals. In addition, HRC-2 has Minco thermofoil  resistance  heaters  for 
thermal control and type T (copper-constantan)  thermocouples  for  temperature 
readout. 

The balance i s  wired as a  "moment" balance. The sum of  the  outputs  of 
the forward and a f t  bridges i s  proportional t o  the  total  moment applied  to 
the  balance  while  the  difference of the two outputs i s  proportional  to  the 
applied normal force. E x i s t i n g  LaRC balances  are wired to  produce outputs 
that   are  directly  proportional  to normal force and pitching moment  by having 
ha1 f of each bridge  located i n  both the forward and a f t  cages.  Since 
temperature  gradients  are most l ike ly   to  occur  along  the  length of the 
balance, a "moment" balance  will more nearly  result  in having al l   four  gages 
of a specif ic   br idge  a t   the  same temperature, thus min imiz ing  gradient 
e f fec ts  and simplifying  temperature compensation and data  reduction. 

CALIBRATION 

As previously  mentioned,  the  high-capacity  balances  require  extra pre- 
cautions d u r i n g  cal ibrat ion because of increased  deflections. A second ca l i -  
bration  requirement i s  t h a t  o f  calibrating  at  cryogenic  temperatures. The 
t e s t  beam studies  indicated  that  the  output of a b r i d g e  designed for  cryo- 
genic use gives  predictable and repeatable  output a t  cryogenic  temperatures. 
However, unti l  a large number of  balances have  been calibrated  at  cryogenic 
temperatures  to  verify  that the change i n  output due to  temperature can be 
mathematically  determined and expressed, i t  will  be necessary t o   c a l i b r a t e  
cryogenic  balances  over  the  entire  temperature range. 

As a preliminary  attempt to  obtain  calibration  data on H R C - 2 ,  the balance 
was  mounted inside a cryogenic chamber  and loads were applied  to weight-pans 
tha t  extended outside the chamber.  While this method d i d  not  permit a f u l l  
simultaneous  loading  of a1 1 components, i t  d i d  provide enough data  to show 
tha t   the   sens i t iv i ty  change w i t h  temperature was within 0.05% of tnat  pre- 
dicted by the   t e s t  beams. The  interaction  coefficients showed less  than 
0.1% f u l l  scale  change w i t h  temperature i n  a l l  b u t  two coeff ic ients   ( these 
differed by 0.4% F.S. ) . The apparent  strain  output  of  the  balance 
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was nonlinear w i t h  temperature and appears t o  be a function  of how well the 
four gages a re  matched. In addition,  the forward and a f t  gage apparent 
s t r a in  oi;tpl;t was very repeatable under steady  state  conditions  while  axial 
apparent  strain showed  more variation from t e s t  t o  test. Further testing i s  
planned with  both  balances and t e s t  beams t o  determine  the  factors  affecting 
apparent strain  output.  These calibration  curves  are  presented i n  figures 5 
and 6. 

The selected approach for   cal ibrat ion makes use of a cryogenic  calibration 
f ixture  t h a t  will  replace  the normal loading  fixture, as shown i n  figure 7 ,  i s  
being  readied f o r  checkout. L i q u i d  nitrogen  passages and  e lectr ic   res is tance 
heaters  built  into  the  fixture w i  11 a1 low normal calibration procedures and 
equipment t o  be  used over  the  entire  calibration l o a d  a n d  temperature  range. 

THERMAL CONTROL 

Thermal control of a force  balance is   d i f f icul t   s ince  the  insulators  or 
heaters must not interfere  w i t h  the  transmission  of  the  forces and moments 
across  the measuring beams and ,  i:: addition,  since  the  balance  is  constructed 
o f  a poor thermal conductor i t  i s   d i f f icu l t   to   d i s t r ibu te   hea t  evenly or 
contrive an effective  heater  control feedback c i rcu i t .  A t  present , a canti- 
lever convection shield  extends forward over  the  balance  acting  as a baffle t o  
reduce  heat  losses due t o  convection,  resistance  heaters  are  attached  directly 
t o  the  balance a t  several  locations, and bakeli te  insulator  inserts can be 
installed a t  the forward and  a f t  attachment po in t s .  

Research i s  continuing i n  this  area t o  reduce  conduction and convection 
losses,   to improve heat  distribution, and t o  optimize  the  heater  control 
feedback c i rcu i t .  

LANGLEY 0.3-METER TRANSONIC CRYOGENIC TUNNEL TESTS 

Test  Setup 

To verify and  p u l l  together  the d a t a  and i n f o r m a t i o n  developed i n  the lab-  
ora tory  , t e s t s  were conducted i n  the Langley 0.3-Meter  Transonic  Cryogenic Tunnel 
i n  July 1979 using  balance HRC-2.  The  model  and balance  are shown i n  
figure 8. The t e s t  conditions were chosen t o  give  the same Reynolds number 
and thus the same aerodynamic input a t  two different  temperatures, 300 K 
( 540°R) and 110 K (1  980R). The t e s t s  were made a t  Mach numbers o f  0.3 and 0.5. 
Aerodynamic d a t a  were taken  only af ter   the  tunnel and  balance  temperatures 
had stabil ized. However, transient d a t a  were obtained  while  tunnel  conditions 
were being changed  from  one test  condition  to  another t o  get a feel  for 
s tabi l izat ion times for  a balance of th i s   s ize .  I t  must be noted that  
s tabi l izat ion time i s  dependent n o t  only on the  absolute  temperature change 
b u t  also on the  tunnel  conditions  that a1 t e r  convection cool inq ( i   . e .  , 
pressure, Mach no.,  etc. ). As shown i n  f isure  8 ,  a model-balance interface 
and a convection  shield made of bakelite  could be used t o  reduce  heat  loss 
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when the   ba lance was heated. They would,  however, a l s o   a f f e c t   s t a b i l i z a t i o n  
t i m e  when the   hea te rs   a re  o f f .  The re fo re ,   t he   t rans ien t   da ta   ob ta ined  
rep resen ts   on l y  a s m a l l   p o r t i o n  o f  t h e   e n t i r e   s p e c t r u m   o f   p o s s i b i l i t i e s  
generated  by  combinat ions  o f   tunnel   and  model   condi t ions.  

I n   a d d i t i o n   t o   t h e   o r i g i n a l   t e s t   c o n d i t i o n s ,   r u n s   w e r e  made a t  an 
in te rmed ia te   tempera ture ,  200 K ( 360°R) , and a t  300 K ( 540°R) and  110 K 
(198OR) a t  a constant   dynamic  pressure  instead  o f   Reynolds number. See 
f i g u r e  9. (The d e l t a   w i n g  model c o n f i g u r a t i o n  chosen i s   r e l a t i v e l y  
i n s e n s i t i v e   t o   R e y n o l d s  number e f f e c t s . )  

Tes t   Resu l ts  

On-1 ine   da ta   were   ob ta ined  us ing  a programmable  desk-top  cal   cul   ator 
i n t e r f a c e d   t o  a 10-channe l   scanner ,   vo l tmeter ,   c lock ,   and  p lo t te r .  The 
10  channels of   data  were:   Tunnel   temperature,   four   ba lance  temperatures,  
two  ang le -o f -a t tack   t ransducers ,  and th ree   ba lance  components   (p i tch   fo rward ,  
a x i a l ,   p i t c h   a f t ) .  Nominal  tunnel  condit ions  were  keyed i n  manual ly.  
L i m i t e d   c o r r e c t i o n s   w e r e   a p p l i e d   t o   t h e   d a t a   i n c l u d i n g   t e m p e r a t u r e  
c o r r e c t i o n s ,   i n t e r a c t i o n s ,   t a r e   l o a d s ,  and s t ing  bending.   F igures  10  and  11 

. show examples o f   t h e   p r e l i m i n a r y   d a t a   o b t a i n e d   u s i n g   t h i s   s y s t e m .  The 
agreement shown a t   t h e   t h r e e   d i f f e r e n t   t e s t   c o n d i t i o n s   f o r  Cn and Cm i s  
very  good. The a x i a l   l o a d s   o f   t h i s   t e s t   w e r e   q u i t e   l o w  compared t o   t h e  
d e s i g n   f u l l - s c a l e   l o a d   o f   t h e   a x i a l  component. Even so, t h e  CA-CX da ta  
shown i n   f i q u r e  11 a r e   s t i l l   w i t h i n   t h e   q u o t e d  +0.5% f u l l - s c a l e   a c c u r a c y   o f  
t h e   a x i a l  component.  Several  runs made us ing  a-bl u n t  body t h a t   d e l i b e r a t e l y  
l o a d e d   t h e   a x i a l  component t o   i t s   d e s i g n   l o a d   c a p a c i t y  shows agreement much 
l i k e   t h a t  shown i n   f i g u r e  10. 

It was hoped t h a t   t h e   b a l a n c e   o u t p u t   c o u l d  be c o r r e c t e d   t o   a c c o u n t   f o r  
b o t h   t h e   s e n s i t i v i t y  change  and the   ze ro   l oad   ou tpu t  change w i th   t empera tu re  
based  on t h e   l a b o r a t o r y   t e s t s .  It was a p p a r e n t   q u i t e   e a r l y   i n   t h e   w i n d  
t u n n e l   t e s t   s e r i e s  , however, t h a t   a x i a l   z e r o - l o a d   o u t p u t   v a r i a t i o n   w i t h  
temperature was n o t   f o l l o w i n g   t h e   p r e d i c t e d   c u r v e  even  though p i t c h   f o r w a r d  
and p i t c h  a f t  were.   Therefore,  a l l  data  were  reduced  using a w ind -o f f   ze ro  
taken   a f te r   s tab le   t unne l   cond i t i ons   were '   reached .   Sens i t i v i t y   co r rec t i ons  
were a p p l i e d  as determined  f rom  the 1 a b o r a t o r y   t e s t s .  

The hea te r   con t ro l   i ns t rumen ta t i on   had  no d i f f i c u l t y   h e a t i n g   t h e  
ba lance  b r idges   to   300 K (5400R) a t  a n y   t u n n e l   c o n d i t i o n   o r  model i n s u l a t o r  
c o n f i g u r a t i o n .  It was qu i te   apparen t ,   however ,   t ha t   t he   convec t i on   sh ie ld  
i m p r o v e d   t h e   s t a b i l i t y   o f   t h e   o u t p u t   s i g n a l  and  reduced  the  power  required 
t o   h e a t   t h e   b a l a n c e .  The f r o n t   i n s u l a t o r  had a much smal l e r   e f f e c t  as 
i n d i c a t e d   b y   t h e   f o l l o w i n g   d a t a :  
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Tunnel  Condi ti ons 
M = 0.5 P = 1.2 b a r  T = 110 K (198'R) 

Convec t ion   sh ie ld  and  Convec t ion   sh ie ld   on ly  No i n s u l a t o r s  
f r o n t   i n s u l a t o r  

130  wat ts   138  wat ts   195  wat ts  

The h e a t e r   f e e d b a c k   c o n t r o l   c i r c u i t  was n o t   s a t i s f a c t o r y .  As mentioned 
prev ious ly ,   because  the   ba lance  mater ia l  i s  a poor   conductor ,   the  feedback 
sensor   mus t   be   l oca ted   nea r   t he   res i s tance   hea te r   t o   m in im ize   l ag   t ime  
i n   t h e   c o n t r o l   c i r c u i t .  However, t h i s   a r rangement  means t h a t   t h e   t e m p e r a t u r e  
c o n t r o l   s e t   p o i n t  had t o  be s e t  above t h e   d e s i r e d  300 K (54O0R) i n   o r d e r   t o  
m a i n t a i n  a 300 K (5400R) r e a d i n g   a t   t h e   b r i d g e   l o c a t i o n .  A t  each  tunnel 
c o n d i t i o n   t h e   h e a t e r   c o n t r o l   s e t   p o i n t  had t o  be m a n u a l l y   a d j u s t e d   u n t i l   t h e  
r e q u i r e d  gage temperature was reached.  Also,  because  of  the  rapid  change 
i n   c o n v e c t i o n   c o o l i n g ,   g e t t i n g  a heated-ba lance  w ind-o f f   zero  was very  
d i f f i c u l t   s i n c e   t h e  ba la r rce   tempera ture   rose   rap id ly  if t h e   h e a t e r   c o n t r o l  
s e t   p o i n t  was n o t   a d j u s t e d   m a n u a l l y   t o  compensate f o r  decreased  thermal  losses. 

T rans ien t   da ta  was t a k e n   o n   s t r i p   c h a r t   r e c o r d e r s .  From these  records 
i t  was de te rm ined   tha t  i t  took   t he   t unne l   app rox ima te l y  40  minutes t o  go f rom 
t h e  300 K (5400R) o p e r a t i n g   c o n d i t i o n s   t o   t h e   1 1 0  K (1980R)  operat ing 
c o n d i t i o n s .  The ba lance  tempera ture   tended  to   lag   beh ind   the   tunne l   tempera ture  
by  about   10  minutes  (see  f ig .   12) .  When the  tunnel   and  ba lance  temperatures 
are  changing,  as i n   t h e   p r e v i o u s  example, t h e   s t a b i l i z a t i o n   t i m e   i s  a f u n c t i o n  
o f   b o t h   t h e   t u n n e l  a n d   b a l a n c e   h e a t   t r a n s f e r   c h a r a c t e r i s t i c s .   I n  an e f f o r t  
t o   i s o l a t e   o n l y   t h e   b a l a n c e   h e a t   t r a n s f e r   c h a r a c t e r i s t i c s ,   t h e   t u n n e l  
c o n d i t i o n s  were h e l d   a t  a constant  110 K (198OR), P t  = 1 .2   bar ,  M = 0.5 
and the   ba lance   hea te rs   t ha t  had  been ho ld ing   t he   ba lance   t empera tu re   a t  
300 K (54O0R) w e r e   t u r n e d   o f f .  I n  t h i s   t e s t  i t  took   the   ba lance  15   minu tes  
t o   s t a b i l i z e   t o   t u n n e l   t e m p e r a t u r e  as shown i n   f i g u r e  13. To ob ta in   ano the r  
da ta   po in t ,   the   tunne l   opera t ing   tempera ture  was changed 30 K (500R) 
(120 K (2200R) t o  90 K (1700R))  as r a p i d l y  a s   a l l o w e d   b y   o p e r a t i o n   s p e c i f i -  
c a t i o n s   t o  check how t h e   b a l a n c e   r e a c t e d   t o   r e l a t i v e l y   s m a l l   t e m p e r a t u r e  
changes. The tunne l   took  3 m i n u t e s   t o   s t a b i l i z e   a t   t h e  new c o n d i t i o n s  and 
i t  t o o k   t h e   b a l a n c e   1 0   m i n u t e s   t o   s t a b i l i z e   ( f i g .   1 4 ) .  These s t a b i l i z a t i o n  
t i m e s   a r e   t o o   l a r g e   t o  meet NTF requirements.  The e f f e c t   o f   t e m p e r a t u r e  
t r a n s i e n t s   r e s u l t s   i n   u n d e s i r a b l e  and c u r r e n t l y   u n c o r r e c t a b l e   t i m e   d e p e n d e n t  
n o - l o a d   z e r o   s h i f t s   ( o r   d r i f t ) .   T h i s   i n d i c a t e s   t h a t   w h i l e   b a l a n c e   t e m p e r a t u r e  
i s  changing i t  i s   n o t   p o s s i b l e   a t   t h i s   t i m e   t o   g e t   a c c u r a t e   f o r c e   d a t a .  
B a s i c   s t r a i n  gage r e s e a r c h   u t i l i z i n g   t e s t  beams and  smal l   balances i s  
c u r r e n t l y  underway t o   p i n p o i n t   t h e  cause o f   these  t ime  dependent   ou tpu t  
s h i f t s  so they  may be  minimized or e l i m i n a t e d  i f  p o s s i b l e .   T h i s   e f f e c t  will 
b e   i n v e s t i g a t e d   f u r t h e r   w i t h   t h e   c r y o g e n i c   c a l i b r a t i o n   f i x t u r e   w h i c h   a l l o w s  
i n d e p e n d e n t   c o n t r o l   o f   t h e   f r o n t  and rea r   t empera tu re   i npu ts .   Th i s  will 
a l l o w  us t o   d e l i b e r a t e l y   i n t r o d u c e   t r a n s i e n t s   i n   o r d e r   t o   d e t e r m i n e   t h e  
c o r r e c t i o n   f a c t o r s   t h a t   m u s t   b e   a p p l i e d   t o   d a t a   o b t a i n e d   d u r i n g   t r a n s i e n t  
tempera ture   cond i t ions .  I f  t h i s  approach f a i l s  and tes t   p rocedures   cannot  be 
m o d i f i e d   t o   a l l o w   a d e q u a t e   s t a b i l i z a t i o n   t i m e ,   t h e r m a l   c o n t r o l  will be a 
necess i ty .  
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CONCLUDING REMARKS 

One-piece multicomponent strain-gage  balances have  been designed t o  meet 
the  requirements imposed by the NTF cryogenic environment. These balances 
are  a resul t  of extensive  studies i n  the  areas of design,  balance  materials, 
s t ra in  gages (including  application  techniques), and cryogenic calibration. 

The laboratory and wind  tunnel results  indicate t h a t  these  balances  will 
yield  reliable,  repeatable, and predictable d a t a  from 300 K (5400R) t o  
11 0 K (1980R) under steady-state  conditions. 

Work i s  continuing  in a number of areas t o  reduce the  effect  of  the 
cryogenic environment even further where possible and t o  study  the problems 
associated w i t h  t ransients and  thermal gradients. 

I n  addition, new and improved  methods o f  thermal control  are being 
studied t o  improve heat  distribution,  heater  control, and insulators.  
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CRYOGEN  IC  MATERIALS 

TENSILE  STRENGTH  IMPACT  STRENGTH  CHARPY-V 
GPa (ksi) J (ft-lb) 

M A T E R I A L   Y I E L D   U L T I M A T E  

ROOM ROOM ROOM 139'R 
TEMP  TEMP.  TEMP . 

M A R A G I N G  200 1.46 (212) 1.49 (216) 49 (36) 38 (28) 

M A R A G I N G  250 1.79 (260) 1.86 (270) 27 (20)  18  (13) 

H P  9-4-25 1.28 (185) 1.38 (200) 57 (42) 34 (25) 

CONVENTIONAL  MATER  IALS 

17-4 P H  1.21 (175) 1.31 (190) 27 (20) 4 (3) 

M A R A G I N G  300 2.00 (291) 2.06 (299) 34 (17) 15 (11) 

F igure  3 . -  S t r e n g t h   a n d   i m p a c t   c h a r a c t e r i s t i c s  of b a l a n c e   m a t e r i a l s .  

F i g u r e  4.- E v a l u a t i o n   b a l a n c e  HRC-2. 
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Figure  7 . -  Drawing of  c r y o g e n i c   c a l i b r a t i o n   l o a d i n g   f i x t u r e .  
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F i g u r e  8.- Eva lua t ion   ba l ance   w i th   mode l .  
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Figure 9.- Tunnel cond i t ions  f o r  ba lance   eva lua t ion  t e s t s .  
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F i g u r e  13.- Balance t empera tu re   r e sponse .  
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PRESSURE MEASUREYENT SYSTEM FOR THE 

NATIONAL  TRANSONIC  FACILITY 

Michael Mi tchell 
Langley Research Center 

SUMMARY 

Over the l a s t  4 years  the  Electronically Scanned Pressure (ESP) Measure- 
ment System has been developed a t  LaRC with  the primary objective being to  
satisfy  the  pressure measurement requirements of the National  Transonic 
Facil i ty.  The unique features of the ESP system are: High d a t a  ra te  
(500 measurements per  second) ; smal 1 s ize  of sensor module (2 .5  cm W x 
5 .6  cm L x 3 . 3  cm H ) ;  one sensor per p o r t ;  and  ab i l i t y  t o  perform i n  s i t u  
calibration. The system i s  capable of  making a large number o f  pressure 
measurements simultaneously. The ESP system has undergone an extensive  field 
evaluation and the  overall  results show t h a t  the ESP system can make measure- 
ments within 0.25 percent of full   scale in a liquid  nitrogen environment 
provided  the module i s  contained  in a temperature  controlled  enclosure 
(currently under development),  maintained a t  a constant  temperature, and 
the system is   cal ibrated immediately before each measurement. The system i s  
also compatible  with  the  distributed  processing  concept. 

-~ 

INTRODUCTION 

With the  advent of the National  Transonic  Facil i ty (NTF)  , a more advanced 
and demanding level of  measurement instrumentation i s  required. One of the 
more important  parameters t o  be measured in NTF is   the  model pressure  distri-  
butions and the   fac i l i ty  flow quality. Until  very recently,  the commercially 
available  pressure measurement systems  did not sat isfy  the NTF pressure 
measurement requirements. Because o f  the high operational  costs of  th i s  
fac i l i ty ,   the  system must maintain a high d a t a  ra te  of a t  least  500 measure- 
ments per second (mps) , which incl udes acquiring  the  research d a t a  , processing 
th i s  d a t a  into predetermined  engineering  units and o u t p u t t i n g  the  data t o  
the  data  acquisition computer. The pressure measurement system must be 
capable of making a large number of measurements simultaneously. For 
instance,  during  the  tunnel  calibration,  the system must  make approximately 
1100 measurements simultaneously. During the  research  studies,  the system 
must provide  the  capability  of making up  t o  1024 model pressure measurements. 
The sensing  element of the system must be small in  size so i t  can be placed 
in  the models. This  eliminates  using long tubing  lengths  thereby improving  
the  response  time. The NTF requirements a lso  dictate  t h a t  the system 
maintain a measurement uncertainty of 0.5% o f  full   scale o r  better and be 
compatible  with  the  distributed  processing  concept. These requirements are  
l i s t ed  i n  figure 1 .  Over the p a s t  4 years an Electronically Scanned Pressure 
(ESP) Ykasuremen-L System ( f ig .  2 )  has been under development a t  LaRC t o  
satisfy  these  requirements. 
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ESP System 

The u n i q u e   f e a t u r e s   o f   t h e  ESP sys tem  a re   t he   one   senso r   pe r   po r t  
c o n c e p t   a n d   t h e   c a p a b i l i t y   t o   p e r f o r m   i n   s i t u   c a l i b r a t i o n .  The system i s  
c o m p r i s e d   b a s i c a l l y   o f   t h r e e  components: t h e   3 2 - c h a n n e l   E l e c t r o n i c a l l y  Scanned 
Pressure  Sensor   Module,   the  Data  Acquis i t ion  and  Contro l   Uni t  (DACU), and L 

t h e   P r e s s u r e   C a l i b r a t i o n   U n i t  (PCU). A b r i e f   d e s c r i p t i o n   o f  each o f   t h e s e  
components ( r e f s .  1, 2, and 3 )   i s  as f o l l o w s .  

” 

ESP sensor  module.- A schemat ic   representa t ion   o f   the  ESP sensor  module 
i s  shown i n   f i g u r e  3. The m o d u l e   c o n s i s t s   o f  32 s o l i d   s t a t e   p i e z o r e s i s t i v e  
pressure  sensors,  a 32-channe l   ana log   mu l t ip lexer ,   an   ins t rumenta t ion  
a m p l i f i e r , a n d  a two-pos i t ion   pneumat ic   sw i tch .   Th is   con f igura t ion   a l lows 
each  sensor t o  b e   a d d r e s s e d   d i g i t a l l y   t o   p r o v i d e  an a m p l i f i e d   a n a l o g   o u t p u t  
a s   w e l l  as t h e   c a p a b i l i t y   o f   s w i t c h i n g   t h e   p r e s s u r e   i n p u t s   f r o m   t h e  measurement 
p o r t s ,  Px, t o   t h e   c a l i b r a t e   p o r t ,  Pc-1, t o   p r o v i d e   i n   s i t u   c a l i b r a t i o n .  A 
photograph  of a 32-channel ESP sensor  module i s  shown i n i g u r e  4. The 
e l e c t r o n i c s   p a c k a g e   c o n t a i n s   t h e   i n s t r u m e n t a t i o n   a m p l i f i e r ,  a d i g i t a l  decoder, 
a n d   t h e   e l e c t r i c a l   i n p u t s   t h r o u g h   s p r i n g   l o a d e d   c o n t a c t s   t o   t h e   s e n s o r  
s u b s t r a t e .  The sensor   subs t ra te   con ta ins  32 pressure  sensors  and  four  8-channel  
d i f f e r e n t i a l   m u l t i p l e x e r s  bonded t o  an  aluminum  substrate. The t w o - p o s i t i o n  
p r e s s u r e   s w i t c h   i s  a p n e u m a t i c a l l y   a c t i v a t e d   s l i d e   p l a t e   w i t h   d r i l l e d   h o l e s  
t h a t   a l l o w   t h e   c a l i b r a t i o n   p r e s s u r e s   t o  be r o u t e d   t o   e a c h   o f   t h e   p r e s s u r e  
sensors  through a common m a n i f o l d   i n  one p o s i t i o n   o r  t o  a l l o w   t h e  P x  pressures 
t h a t   a r e   c o n n e c t e d   t o   t h e   p r e s s u r e   p o r t   p l a t e   t o  be a p p l i e d   d i r e c t l y   t o   t h e  
pressure  sensors.  The 32-channel ESP sensor  module i s  a rectangular   package 
2.54 cm x 5.6 cm x 3.0 cm n o t   i n c l u d i n g   t h e   p r e s s u r e   t u b i n g .   T h i s   m o d u l e  
can  be e l e c t r o n i c a l l y   a d d r e s s e d   a t   o v e r  100,000 t imes  per  second. 

D a t a   a c q u i s i t i o n  and c o n t r o l   u n i t . -  The DACU ( f i g .   5 )   i s  a microprocessor  
based  inst rument   conta ined i n  a rack   mountab le   enc losure   tha t   p rov ides   the  
fo l l ow ing   f unc t i ons :   (1 )   Da ta   acqu is i t i on   and   s to rage ,   (2 )   senso r   add ress ing ,  
( 3 )   c o n t r o l   o f  PCU and  reading  o f   quar tz  gage pressure  s tandard,  ( 4 )  da ta  
reduc t ion ,   (5 )   d isp lay   o f   any   p ressure   channe l  measurement i n   e n g i n e e r i n g  
u n i t s  , ( 6 )   f o r m a t t i n g  and ou tpu t t ing   o f   da ta   to   w ind   tunne l   computer ,   and 
( 7 )  i n t e r f a c i n g   t o  a host   computer   over   in ter face  bus.  

The DACU u n d e r   c o n t r p l   o f   e i t h e r   t h e   h o s t   c o m p u t e r   o r   f r o m   t h e   f r o n t  
panel  key  pad  can  perform i n   s i   t u   c a l i b r a t i o n ,   a c q u i r e   p r e s s u r e   d a t a ,  and 
r e d u c e   t h i s   d a t a   t o   e n g i n e e r i n g   u n i t s   f o r  up t o  512 channels o f   p r e s s u r e  
measurements. The genera l   pu rpose   i n te r face  bus a l l o w s  up t o   1 4  DACU’s t o  
be p a r a l l e l e d   t o   p r o v i d e   a d d i t i o n a l   p r e s s u r e  measurement c a p a b i l i t y  i f  a 
l a r g e r  number o f  channe ls   a re   requ i red .   Input   parameters   a l low  so f tware  
s e l e c t i o n   o f :   ( 1 )   C a l i b r a t i o n ,   d a t a   a c q u i s i t i o n ,   d a t a   r e d u c t i o n ,  and  data 
output  subprograms,  (2) number o f  channels o f   p r e s s u r e   i n p u t s  , ( 3 )  number o f  
measurements t o  be  averaged, ( 4 )  t ime  delay  between  reading,  and ( 5 )  number 
o f  frames o f   d a t a   t o  be acqui red.  

The r a w   d a t a   a c q u i s i t i o n   r a t e   o f   t h e  DACU i s   a p p r o x i m a t e l y  20,000 measure- 
ments p e r  second  (mps) f o r   s i n g l e   p o i n t   r e a d i n g s  and approx imate ly  10,000 mps 
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for  time  averaged readings. 
point raw pressure  readings 
point measurement o u t p u t  in 

The overall  data t h r o u g h p u t  rate  for  sing1  e 
i s  approximately 5,000 mps and  500 mps for   s ingle  
engineering  units. 

Pressure  control u n i t . -  The PCU ( f ig .  2 )  under control  of  the DACU 
provides  the  following  functions: (1 ) Applies  control  pressures fo r  
pneumatically  switching  the ESP sensor modules t o  either  the measurement 

t o  each of the ESP sensor modules. 
* or  calibrate  posit ion and ( 2 )  applies  three  calibrate  pressures  sequentially 

\ The PCU contains  three compound pressure  regulators  that allow each 
calibration  pressure t o  be se$ manually in a range from 3.447 x 103 N/mZ 
(0 .5  psia)  to 6.895 x lo5 N/m (100 psia) ,  and a high accuracy  (9.03% FS) 
quar tz  pressure gage for  remote measurement of these  calibration  pressures 
by the DACU. The PCU can be operated up  t o  76.2 m (250 f t )  from the DACU 
so t h a t  i t  can  be located  as  close  as  possible t o  the ESP sensor modules 
t o  minimize calibration  time. 

ESP Facility  Tests 

Over the p a s t  year, an extensive  field  evaluation of the ESP system 
has  been undertaken t o  determine  the r e l i ab i l i t y  a n d  capabi l i t ies  o f  the 
ESP system and t o  determine i t s  performance relat ive t o  conventional 
mechanically scanned pressure measurement systems. The evaluations covered 
a  large spectrum  of f a c i l i t i e s  and  tes$  congitions  (see  fig. 6 )  , with fu l l  
scale  pres2ure sanging from 3.477 x 10 N / m  absolute (0.05 psia)   to  
2.068 x lo3 N/m absolute (30 psia) .  The t e s t  requirements ranged from 
using one 32-channel ESP sensor module outside  the plenum  chamber t o  using 
21 32-channel sensor modules inside  the  test  model. 

Throughout  the  field  evaluation,  the ESP system did n o t  experience any 
performance fai lures .  The overall  results of  the  various  tests show tha t  
the ESP system can make the  required  pressure measurements with measurement 
accuracy comparable t o  the  existing  scanning  type  pressure measurement 
techniques, and can make the measurements a t  l eas t  48 times faster .  

Cryogenic Environment Test 

Tests were made in  the  laboratory  to determi ne the  abi  1 i ty of the ESP 
system t o  perform i n  a  temperature  controlled  enclosure  with a cryogenic 
external environment. The ESP sensor module  was placed i n  a temperature 
controlled  enclosure which consisted of a 28-ohm heater box covered w i t h  
2.54-cm-(l-in.)  thick Styrofoam. All the  electrical   leads and pneumatic 
tubes were fed  through  the Styrofoam to  the module. The enclosure was 
placed  in  the  cryogenic  environmental chamber a t  297 K. The pressure  sen- 
sors  in  the ESP module  were calibrated and a s e t  o f  measurements was taken. 

The average  zero differential  pressure o u t p u t  was computer t o  be 
approximately 0.06 percent o f  full   scale  for  the 32 sensors. The chamber was 
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Figure 1.- General  requirements  for  NTF  pressure  measurement  system. 
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Figure 2.- Electronically  scanned  pressure  measurement  system. 
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Figure 3.- 32-channel  electronically  scanned  pressure  sensor  module. 
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Figure 4 . -  Schematic  representation of ESP sensor module. 
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Figure 5.- 512-channel  data  acquisition and control unit. 
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Figure 6 . -  Field  evaluation of ESP sensor system. 
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Figure 7.- Zero  differential  pressure  output  versus  time. 

Figure 8.- 0.3-meter ESP temperature  controlled  enclosure. 
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Figure 9.- Typical ESP installation. 
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Figure 10.- ESP temperature  controlled  enclosure for pathfinder. 
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Figure 11.- Distribution of tunnel calibration measurements using ESP system. 





MODEL ATTITUDE MEASUREMENTS IN THE NATIONAL TRANSONIC FACILITY 

Tom D.  Finley 
Langley Research Center 

S UMYIARY 

The National  Transonic Facil i ty has established a requirement for  the 
precise measurement of  model pitch and ro l l .  Two approaches t o  t h i s  problem 
are  being  explored. The conventional approach t o  model a t t i t ude  measurements 
a t  Langley Research Center  involves  the use of precision  accelerometers t o  
detect   the  att i tude of the model with  respect t o  the  local  vertical.  Testing 
has indicated  that  this  technique can be used i n  the NTF with  only a s l igh t  
degradation  in  accuracy. A problem  which persists when using  accelerometers 
i s  t h a t  of response. The slow response o f  th i s  type of measurement system has 
forced us t o  consider  the use of an optical measurement system. A contract 
presently  in  effect  calls f o r  the  study o f  the problems associated with  using 
an interferometric  angle measurement system in  the NTF environment.  This 
paper describes  the work done t o  date on b o t h  these  approaches. 

INTRODUCTION 

This  paper describes  the work done toward making measurement o f  the 
model's  pitch and roll  attitude  in  the National Transonic Facil i ty.  The e f for t  
i s  divided between two approaches: An iner t ia l  measurement  which i s  an 
extrapolation of existing technology into a cryogenic  environment; and an 
optical  technique developed by Boeing Aerospace Company who is   present ly  
under contract t o  NASA t o  investigate  the  possibility o f  adapting  this system 
t o  the NTF envi ronment. This  paper describes  the approaches , t he i r  promise 
and l imitations,  and the work done in each area up  t o  the  present,  including 
a summary o f  the i r   s ta tus  and plans for further work. 

SYMBOLS 

a pitch  a t t i tude,  degrees 

4 offset  angle,  degrees 

E o u t p u t  voltage,  volts 

B electrical   bias,   volts 

S sens i t iv i ty ,  vol ts/g 

pitch  misalinement,  degrees 

0 ro l l   a t t i tude ,  degrees 

c1 
0 

roll  misalinement,  degrees 
, .  
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INERTIAL MEASUREMENT OF MODEL ATTITUDE 

A c r i t i c a l  measurement i n  any wind   tunne l   mode l   tes t ing  i s   t h a t   o f   a n g l e  
o f   a t t a c k .   T h i s   c a n   b e   d e r i v e d   f r o m   p i t c h   a t t i t u d e  measured w i t h   r e s p e c t  
t o  a n   a r b i t r a r y   v e c t o r   ( s u c h   a s   t h e   e a r t h ' s   g r a v i t y   v e c t o r ) .  The w ind  
a n g u l a r i t y   c a n  be i n f e r r e d  from an u p r i g h t   a n d   i n v e r t e d   r u n   o f  a g iven  model 
c o n f i g u r a t i o n .   T h i s   w i n d   a n g u l a r i t y   i s   s i m p l y  added t o   t h e   p i t c h   a t t i t u d e  
t o   p r o d u c e   a n g l e   o f   a t t a c k .  

An e x i s t i n g   t e c h n i q u e   u s e d   e x t e n s i v e l y   i n   w i n d   t u n n e l s   a t   L a n g l e y   f o r  
making p i t c h   a t t i t u d e  measurements  involves  the  use o f   p r e c i s i o n   s e r v o  
a c c e l e r o m e t e r s   t o   s e n s e   t h e   a t t i   t u d e   o f   t h e  model w i t h   r e s p e c t   t o   t h e   l o c a l  
v e r t i c a l .  See f i g u r e  1. The f o l l o w i n g   e q u a t i o n   i s   g e n e r a l l y   u s e d   t o   r e d u c e  
p i t c h   a t t i t u d e   d a t a  

a = s i n  (T) - + -1 E-B 

where E i s  t h e   a c c e l e r o m e t e r   o u t p u t   i n   v o l t s ,  B i s   t h e   e l e c t r i c a l   b i a s   i n  
v o l t s ,  S i s   t h e   s e n s i t i v i t y   i n   v o l t s   p e r  g, and + i s   t h e   o f f s e t   a n g l e  
(angle  between  the  model  zero  and  the  sensi t ive  axis  of   the  accelerometer) .  

To use  these  t ransducers i n  conven t iona l   w ind   t unne ls   a t   Lang ley  has 
r e q u i r e d   c o n s i d e r a , b l e   e f f o r t .  I t  has  been  necessary: To work c l o s e l y   w i t h  
m a n u f a c t u r e r s   t o   p r o d u c e   u n i t s   q u a l i f i e d   f o r   t h i s   a p p l i c a t i o n ;   t o   e x h a u s t i v e l y  
t e s t   e v e r y   u n i t   t o   p r o v i d e  a b a s i s   f o r   s e l e c t i o n ;   t o  compensate, c o n t r o l  , o r  
i s o l a t e   t h e   u n i t s   f r o m   t h e   e n v i r o n m e n t s ;   t o   d e v e l o p   a p p l i c a t i o n   t e c h n i q u e   t o  
h a n d l e   a n d   i n s t a l l   t h e s e   u n i t s ;   t o   e d u c a t e   u s e r s  as t o  how t o   e x t r a c t  maximum 
accuracy   f rom  these  sys tems;   and  to   op t im ize   da ta   acqu is i t ion  and r e d u c t i o n  
techn iques   t o   m in im ize   e r ro rs .  Some o f   t h i s   e f f o r t  will be d e t a i l e d  below. 

Even the   bes t   smal l   servo   acce le rometers   ava i lab le   commerc ia l l y  have 
severa l   sources   o f   e r ro r   tha t   must  be d e a l t   w i t h   i n   o r d e r   t o   a p p r o a c h  a 
p i t c h   a t t i t u d e  measurement w i th   an   unce r ta in t y   app roach ing   t he  0.010 
r e q u i r e d   f o r   p r e c i s e   w i n d   t u n n e l   t e s t i n g .   C h a r a c t e r i s t i c s   w h i c h   m u s t  be 
c o n s i d e r e d   i n c l u d e   h y s t e r e s i s ,   s t a b i l i t y ,   t e m p e r a t u r e   c o e f f i c i e n t s ,   l o n g - t e r m  
r e p e a t a b i l i t y ,   r e s o l u t i o n ,   l i n e a r i t y ,   r a n g e ,   b i a s ,   s c a l e   f a c t o r ,   f r e q u e n c y  
response,  damping, e f f e c t   o f  vacuum, supp ly   vo l tage   e f fec ts ,   a l i nemen t ,   no i se ,  
o u t p u t  impedance,  and r e c t i f i c a t i o n   e r r o r s .  Many o f   t h e s e   s o u r c e s  of e r r o r  
have  been  minimized  by  the  manufacturers o f  modern prec is ion   servo   acce le rometers  
The a r e a s   t h a t   r e m a i n   c r i t i c a l   a r e   s t a b i l i t y ,   t e m p e r a t u r e   e f f e c t s ,  and 
r e c t i f i c a t i o n .  

The s t a b i l i t y  of  a u n i t   i s  determined i n   t h e   d e s i g n  and  the  manufactur ing 
process. Our t e s t i n g  i s  t o   s e l e c t   o n l y   t h e   u n i t s   w i t h   s u i   t a b l e   s t a b i  1 i t y  f o r  
t h i s   a p p l i c a t i o n .  The problem i s   t h a t  0.010 corresponds  to  175 m i c r o - g ' s  
which i s   l e s s   t h a n  0.002% o f   f u l l   s c a l e   r a n g e .   S p e c i a l   t e s t s  have  been 
deve loped   to   de te rm ine   t he   l ong   and   sho r t   t e rm  s tab i l i t y   under  a g iven  
environment. The da ta   f rom  accep tance   t es ts   a re   p lo t ted   and   repea t   ca l i b ra t i ons  
a r e  added t o   t h i s   h i s t o r y   s h e e t   f o r   t h e   l i f e   o f   t h e   u n i t .   T h i s   p r o v i d e s  a 
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means of selecting  the  best   units  init ially and shows problems which m i g h t  
develop  during the use of the  unit  in  the  tunnel. 

The temperature  effects have been handled in two ways. Some of the 
accelerometers purchased have very good temperature character is t ics   for  bo th  
zero  shif t  and sens i t iv i ty  change. These units are  then  temperature compen- 
sated  over a range from  293 K (5280R) t o  343 K (6180R) using special   resistors 
and thermistors. These can be  used i n  many of the  conventional  tunnels a t  
Langley. The other  technique i s   t o  provide  heaters and  temperature 
sensors  for  the  accelerometers so t h a t  they remain a t  a constant 343 K (6180R) 
This i s  obviously  required  for a cryogenic  environment. 

The rectification  characterist ics of an accelerometer,  i .e.,   its  generation 
of a dc o u t p u t  voltage when subjected t o  vibration, has  proved t o  be the 
hardest problem t o  solve. We have  worked w i t h  manufacturers who have  gone so 
far  as  to  redesign  the mechanical element  of the  accelerometer j u s t  t o  improve 
th i s  one characterist ic.  These effor ts  have n o t  been particularly  successful 
and  a t  present we use two methods t o  minimize the  source o f  error  selection 
and  isolation. The procurement specifications  are very s t r i c t  so t h a t  the 
manufacturers must select   their   best   units.  This  reduces  the problem and 
generally 1 imi t s  the  cri t ical   area t o  higher  frequencies where structural  
resonances  cause rectification  in  al l   three axes. The solution t o  t h i s  problem 
has  been t o  moun t  the  accelerometer on vibration-isolation pads inside a 
special housing. The pads are  a commercially available  poly-acrylic  material 
t h a t  has internal damping. The s ize  of the pads i s  adjusted t o  provide a 
resonance a t  a b o u t  300 Hz. This  reduces  the  vibration  level a t  the  acceler- 
ometer by 20 t o  1 a t  2 kHz which reduced the  rectification by 400 t o  1 since 
th i s  type of error  is  proportional t o  the  square of the g level. 

Another inertial  device used a t  Langley i s  an e lectrolyt ic  bubble which 
i s  manufactured  commercially and  detects  the  angle between i t s  base and  the 
local  horizontal. The uni t   i s   s imilar  t o  a carpenter's bubble except 
electrodes  are placed  in the  liquid (a  special  electrolyte) so t h a t  the 
o u t p u t  can be sensed  remotely.  This  provides a means of leveling  the model 
remotely  before and  a f t e r  each t e s t  t o  establish "wind-off zeroes"  for 
balance and pitch  attitude  accelerometer  equation  updates. These devices can 
also  detect wind-on zeroes under smooth conditions. 

Cryogenic Chamber Tests 

One approach t o  model a t t i tude  measurements in  the NTF involves  the use 
o f  heated  accelerometers  similar t o  the  units used in  conventional  tunnels. 
To investigate problems associated w i t h  t h i s  approach we ran t e s t s  i n  a 
cryogenic t e s t  chamber. The t e s t s  were t o  determine the  effect  o f  the 
environment on sens i t iv i ty  and bias. A pair of  bubbles  in a heated package 
were  used t o  set  the  accelerometer a t  two pitch  angles, Oo and 5 O .  The o u t p u t  
a t  0' a t  various  temperatures  indicates b i a s  s h i f t  with  temperature  while  the 
difference i n  the o u t p u t s  a t   t h e  two angles i s  a measure of sens i t iv i ty .  
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The f i r s t   c o n f i g u r a t i o n   t e s t e d   i n v o l v e d   p l a c i n g  a s tandard  heated 
accelerometer   package  ins ide an o u t e r   c a s e   t o   i n c r e a s e   t h e   i n s u l a t i o n .   T e s t s  
showed t h i s   t o  be e r r a t i c .   T h i s  was p a r t l y  because o f   t h e   r i n g s  used io 
suspend the   sma l le r   case   i ns ide   t he   l a rge r   case   and   pa r t l y   because   o f   t he  
bracket  assembly.  To a v o i d   t h e   b r a c k e t   p r o b l e m s   t h e   r e m a i n d e r   o f   t h e   t e s t s  
were   conduc ted   w i th   t he   package   moun ted   d i rec t l y   t o   t he   bo t tom  o f   t he   p la te  
ho ld ing  the  bubble  assembly.  The r i n g  assembly   ho ld ing   the   inner   case  cou ld  
n o t  be a d j u s t e d   t o   e l i m i n a t e  changes i n   a t t i t u d e  so the  standard  package was 
t r i e d   w i t h o u t   a d d i t i o n a l   i n s u l a t i o n .   T h i s   p r o v e d   t o   b e   t h e   m o s t   r e p e a t a b l e  
of a l l   t h e   d a t a   t a k e n  even  though  the  heater was r u n n i n g   a t   i t s   f u l l   c a p a c i t y  
of  35  watts a t  83 K ( 1  50°R). The b i a s   s h i f t  was l e s s   t h a n  0.020 and t h e  
s e n s i t i v i t y   s h i f t  was repeatab le .  (See f i g .  2 and f i g .   3 . )   T h i s   s h i f t  was 
apparen t l y   caused   by   t he   g rad ien t  on the  accelerometer .  The t o p   o f   t h e  
accelerometer was 65 K (1  17OR) c o o l e r   t h a n   t h e   c o n t r o l   t e m p e r a t u r e   o f  343 K 
(618OR) when t h e   c h m b e r   w e n t   t o  83 K (150OR). S e n s i t i v i t y   s h i f t   i s  
a p p a r e n t l y  a f u n c t i o n   o f   h e a t e r  power. The s e n s i t i v i t y   i n c r e a s e d   b y   1 %   w i t h  
the   hea te r  power a t  35 wat ts .  

T h i s   d a t a   i n d i c a t e d   t h a t   t o   m i n i m i z e   t e m p e r a t u r e   e f f e c t s  on  accelerometers 
f o r  NTF i t  will be  necessary   to   redes ign   the   heater - insu la to r   package.  The 
d i f f e r e n t i a l s   i n   t h e   o l d  package a r e  caused  by  having  the  heater  wrapped 
around  the   s ides   o f   the   acce le rometer   on ly ,  so t h a t  no  heat i s   p r o v i d e d   t o  
t h e  ends.  This  design will b e   m o d i f i e d   f o r   f u t u r e   c r y o g e n i c   a p p l i c a t i o n s .  

Tests   in   the  0 .3-Meter   Transonic   Cryogenic   Tunnel  

I n   J u l y  1979 th is   accelerometer   package was t e s t e d   i n   t h e   0 . 3 - m e t e r   c r y 0  
tunne l .  It was mounted  on a tu rn tab le   used  t o  c o n t r o l   t h e   p i t c h   a t t i t u d e   o f  
t h e  model f o r   t h e  2D test.  Heated  bubble  assemblies  were  mounted on t h i s  and 
t h e   o p p o s i n g   t u r n t a b l e   t o   d e t e r m i n e   t h e i r   p e r f o r m a n c e   i n   t h e   c r y o g e n i c  
env i ronment   and  to   p rov ide   add i t iona l   da ta   fo r   compar ison .  The pr imary  readout  
o f   p i t c h   a t t i t u d e   f o r   t h i s   t u n n e l  i s  a heated  shaf t   encoder   geared  to   one  o f  
t h e   t u r n t a b l e s .  

F igure  4 shows t h e  room  tempera tu re   ca l i b ra t i on   o f   t he   acce le romete r  
and  the  shaft   encoder  using a p r e c i s i o n   i n c l i n o m e t e r  as a re ference.  The 
performance o f   t h e   a c c e l e r o m e t e r   a t  roonl  temperature i s  very  good and 
approaches  the  laboratory  accuracy.  The e r r o r   i n   t h e   s h a f t   e n c o d e r  was w e l l  
w i t h i n   t h e  limits e x p e c t e d   f o r  a d e v i c e   w i t h  a r e s o l u t i o n   o f  0.010 e s p e c i a l l y  
cons ide r ing   t ha t   mechan ica l   gea r ing   i s   be ing   used .  

Data was taken  over  a wide  angle  range a t   var ious   tempera tures ,   p ressures ,  
and Mach numbers.  There  were  no  detectable  effects  from  changes i n  pressure 
o r  Mach number b u t   t h e   s e n s i t i v i t y   o f   t h e   a c c e l e r o m e t e r  changes w i t h  
temperature.   (See  f ig.   5.)   These  data  are i n  reasonable  agreement   wi th   the 
r e s u l t s   d e t e r m i n e d   i n   t h e  chamber  and u n d e r l i n e   t h e  need f o r  an improved 
d e s i g n   o f   t h e   h e a t e r - i n s u l a t o r  system. 
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Design of a 3-Axi s Package 

The preliminary  design of a system capable o f  measuring pitch and ro l l   i s  
shown in  figure 6. The bubble will be  used as a means of zeroing  the model. 
The longitudinally mounted accelerometer  will measure pitch and the  other two 
accelerometers  will be  used to  measure ro l l .  The use of two units t o  measure 
rol l  i s  based on the NTF requirement  of 51800 ro l l .  The u n i t  closer  to 
horizontal a t  any given roll   sett ing  will  be used t o  measure ro l l .  

The equations used to  reduce  the  data  are more  complex since  there  are 
interactions between the  pitch and roll  axes. The pitch  equation is   ident ical  
t o  the normal equation  except t h a t  the  offset   angle  is  a function of the  roll 
a t t i  tude. 

($ - (9 sin ( e  - eo)  E-5  

The roll  measurement i s  more complicated  in t h a t  the  effective  sensit ivity  as 
well as  the  offset  angle  are a function of pitch  attitude. 

e = sin ( s  cos 2 E-B - 4 sin (a - a o )  -1 

This i s   fur ther  complicated by the  fact  that  this  equation  provides  only  the 
principle value  of the  trigonometric  function and  the  third  accelerometer's 
o u t p u t  must  be monitored t o  determine  the  quadrant. 

Since  the  pitch  equation  involves  the  roll  attitude and vice  versa, i t  
will be necessary  either t o  solve  the  equations  simultaneously or use an 
iterative  technique. Three i terations  will  reduce the  uncertainties  in 
e i ther  measurement t o  insignificant  levels;   therefore,   this method i s  
recommended.  The use of simultaneous  equations becomes very involved and 
may prove t o  be slower t h a n  the  i terative  solution. 

Limitations of Iner t ia l  Devices 

There are  certain  limitations  associated  with  using  inertial  devices t o  
measure model a t t i tude .  This is   particularly  true  in  the  case of the NTF. 
The following  considerations have forced us t o  consider  alternate  approaches. 

The accelerometers must  be special  ly  buil t o r  selected based on 
manufacturers' t e s t s .  This makes the  units  expensive. On receipt  the 
accelerometers  are  subjected t o  extensive  testing t o  assure conformance to 
specifications and provide a data  base for  unit  selection and for  comparison 
t o  subsequent calibration d a t a .  The units must be temperature compensated and 
retested  or wrapped with a custom heater. The vibration  isolation pads are  
installed and the system is   re tes ted .  Often the pad arrangement must be 
modified and again  tested. All of  the above are  expensive and time consuming. 
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Since  the model vibrates  considerably and the  accelerometer measures this, 
the dynamics on the  output  signal  are  large. Often the  accelerometer i s  
subjected t o  dynamics of 5 t o  10 g ' s .  Obviously, t o  measure the o u t p u t  t o  an 
accuracy of 175 micro-g's (0.01O) i t   i s  necessary t o  d ra s t i ca l ly   f i l t e r   t he  
signal.  This  causes  lag i n  the measurement  which is particularly dis- 
advantageous  in the NTF because  of the h i g h  operation  cost. 

Another problem i n  the use of inertial  devices  to measure model a t t i tude  
i s   t he i r   s ens i t i v i ty  t o  "sting w h i p . "  This is   centrifugal  acceleration 
caused by a dynamic pitching or yawing  motion of the  sting model assembly. 
This  causes an error  t h a t  i s  very d i f f i cu l t  t o  correct   for   or  even detect 
without  the use of several  other  sensors. This  type of error   is   especial ly  
problematical  since i t   i s  n o t  an error  in  the  accelerometer and  therefore 
cannot be reduced by any laboratory  testing or selection. 

Further  considerations  include  the  fact t h a t :  The servo  accelerometers 
are  fragile,  require  special  handling, and must  be repaired or replaced 
periodically;  the measurement of roll  and pitch  require  the use of multiple 
accelerometers; and the space and wiring  requirements of the package. 

OPTICAL TECHNIQUE FOR MEASURING iSODEL ATTITUDE 

Theory and Background 

The Boeing Aerospace Company has developed an optical system  designed 
specif ical ly  for measuring model att i tude  in w i n d  tunnels. One such system 
has been operational  in  the Boeing Transonic Tunnel since  late 1978. A 
similar system was designed and bui l t   for  Langley Research  Center in 1978. 
Assuming a system  of this type can be used in  the NTF, many of the problems 
associated with the  inertial  measurement will be avoided. 

In  1971 Boeing designed a laser  interferometer  for  the measurement  of 
model att i tude  in wind tunnels. I t  used two corner cubes on t o p  of the model 
t o  provide two return beams t h a t  allow  the  differential  height of the  corner 
cubes t o  be measured t o  1/4 wavelength. Boeing offered t o  bring th i s  system 
t o  Langley and irl l a t e  1971 i t  was tested a t  Langley's  8-foot TPT.  The unit 
was very precise and provided excellent d a t a  except under certain  conditions. 
I n  the  transonic Mach aumber range the u n i t  was e r r a t i c  a n d  the  designer 
decided after  several  attempts a t  modifying the  conditions t h a t  the   errat ic  
behavior was caused by variations  in  the medium along the two return  light 
paths. This i s  caused by turbulence which is  present  in  certain  degrees  in 
a l l  wind tunnels. 

Boeing  worked t o  modify th i s  system and in 1975 devised a new approach 
t o  the problem using a hologram over a single.  corner cube.  (See f ig .  7 . )  
The designer has applied  for a patent on t h i s  system which trades  off 
resolution  for  sensit ivity t o  turbulence. The spacing on the  lines i n  the 
hologram determines  the  separation of the two return beams. Decreasing th i s  
spacing  obviously reduced the  resolution i n  angular  displacement b u t  th is   a lso 
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Figure 5.- Accelerometer  error  in 0.3-m Tunnel test. 
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Figure 6.- Use of inertial  devices  in  an  NTF model. 





TEMPERATURE  INSTRUNENT  DEVELOPMENT 

FOR A CRY0 IJIND TUNNEL 

Edward F. Germain 
Langl  ey  Research  Center 

S UMMA R Y 

The development  work  which  extended  conventional  wind  tunnel  thermometry 
i n to   t he   c ryogen ic   w ind   t unne l   range   i s   rev iewed .  The emphasis i s  on  stagna- 
t i on   t empera tu re  measurements  where a m i x   o f   p l a t i n u m   r e s i s t a n c e   t h e r m o K e t e r s  
and  thermocouples i s  n e c e s s a r y   t o   s a t i s f y   a l l   t h e   r e q u i r e m e n t s .   C a l i b r a t i o n  
and  thermocouple  homogenei ty   test   equipment   are  descr ibed.   Test   resul ts   and 
exper ience  suppor t   the  use o f  copper-Constantan  thermocouples. 

I FjTRODbCT I ON 

Work ove r   t he   pas t  few years has shown tha t   conven t iona l   w ind   t unne l  
thermometry  can  be  extended to   sa t i s f y   c ryo   t unne l   requ i remen ts .   No te  
however t h a t  more than  one  sensor  type may be necessa ry   and   ce r ta in   de ta i l s  
t ake  on new s i g n i f i c a n c e .  

The Nat iona l   T ranson ic   Fac i  1 i ty (NTF) temperature  measurement  require- 
ments  run  the gamut f rom gas t o  model tempera ture   and  inc lude  s t ruc tu ra l   and 
component  temperatures  not  of ten a concern i n  a convent ional   tunnel .   In-house 
work i n  te lnpera ture   ins t rumenta t ion  was concerned  w i th   upgrad ing   suppor t  
c a p a b i l i t i e s ,   i n v e s t i g a t i n g   o p t i o n s ,   v e r i f y i n g   d e c i s i o n s ,  and r e f i n i n g  
a p p l i c a t i o n   t e c h n i q u e s .   T h i s   r e p o r t   i s   f o c u s e d  on t h e   m o s t   d i f f i c u l t   r e q u i r e -  
ment, s tagnat ion   tempera ture  measurement  where  these  three  i tems  should  be 
noted:  

1. Rzynol ds  number c a l c u l a t i o n   r e q u i r e s   s t a g n a t i o n   t e m p e r a t u r e  De 
de te rm ined   w i th in  - +O. 3 K over   t he   range   o f  77 K t o  340 K. 

2. There i s  a t u n n e l   c o n t r o l   r e q u i r e m e n t   f o r  a sensor   w i th  a l -second 
t ime  response. 

3. Tunnel c a l i b r a t i o n   r e q u i r e s   t h a t   t e m p e r a t u r e   d i s t r i b u t i o n  be 
de termined  w i th  a - +3.5 K u n c e r t a i n t y  con;parinr:  one p o i n t   t o   a n o t h e r .  

Various  sensors  were  considered t o  fill t h e s e   r e q u i r e m e n t s .   I n i t i a l  l v  
thermis to rs   and  tempera ture   sens i t i ve   d iodes  showed p o t e n t i a l .   I n   t h e   L a n g l e y  
0.3-Meter  Transonic  Cryogenic  Tunnel  type T (copper-Constantan)  thermocouples 
s a t i s f i e d  most  requirements.   For  ,accuracy i n  measur ing  s tagnat ion  temperature,  
an i n e x p e n s i v e   i n d u s t r i a l   t y p e   p l a t i n u m   r e s i s t a n c e   t h e r m o m e t e r  (PRT) proved 
super io r   to   thermocoup les .  
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T h e r m i s t o r s   w e r e   t e s t e d   b u t   r u l e d   o u t   f o r  NTF use  because o f   p o o r  
s t a b i l i t y   o v e r   t h e   f u l l   o p e r a t i n g   r a n g e .  The more s t a b l e   t h e r m i s t o r s   t e s t e d  
were   heav i l y   encapsu la ted   w i th   g lass   such   t ha t   t he i r   s l ower   t ime   response  
became a n e g a t i v e   f a c t o r .  Add t o   t h i s   p o o r   i n t e r c h a n g e a b i l i t y  and g r o s s l y  
nonl inear  thermal  response  and i t  appears   thermis to rs  will be  used i n   c r y 0  
t u n n e l s   o n l y   i n   n a r r o w   r a n g e   t e s t s   w h i c h   r e q u i r e   h i g h   s e n s i t i v i t y .   D i o d e s ,  
on   t he   o the r  hand, may have  more f u t u r e   a p p l i c a t i o n s   t h a n   t h e r m i s t o r s ,   b u t  
t h e r e   w e r e   n o   p r o b e s   a v a i l a b l e   c o m m e r c i a l l y   t o   s u i t   t h e   p a r t i c u l a r s   o f  NTF. 
Diodes  were  then  ru led  out   because  o f   probe  development   cost .  

C l e a r l y   t h e   m o s t   d i r e c t  and l e a s t   c o s t l y  way t o   s a t i s f y  NTF requirements 
was t o   b u i l d  upon the   success fu l   0 .3 -meter   c ry0   tunne l   exper ience  and  use  
thermocouples  and  PRT's. I n   p a r t i c u l a r ,  

1. It had  been shown t h a t  a PRT can  determine  s tagnat ion  temperature 
w i t h   a n   u n c e r t a i n t y   o f   l e s s   t h a n   0 . 3  K. The sensor  used i n  the  0.3-meter 
tunnel  had a t ime   cons tan t   o f  2 o r  3 minu tes .   For   opera t ing  economy t h e  
need was f o r  a s e n s o r   w i t h  a t ime   response   o f   seconds   wh i l e   re ta in ing   l ong  
term  h igh  accuracy.  

2. The 1 - s e c o n d   t i m e   r e s p o n s e   c o n t r o l s   r e q u i r e m e n t   i s   e a s i l y  met w i t h  a 
thermocouple. The goal  was t o  improve on the   1%  accuracy   usua l ly   assoc ia ted  
w i t h   t h e r m o c o u p l e s   i n   o r d e r   t o  more near l y   ma tch   t es t   cond i t i ons   f rom  one  
r u n   t o   t h e   n e x t .  

3. Exper ience i n   t h e  0.3-meter  tunnel showed t h a t  a thermocouple  network 
i s  an economical  system f o r   m e a s u r i n g   s p a c i a l   v a r i a t i o n s   i n   t e m p e r a t u r e  
w i t h i n  +0.5 K. The ques t i on   t hen  i s  what i s   r e q u i r e d   t o   a c c o m p l i s h   t h i s   i n  
a l a r g e r   f a c i  1 i ty. 

PLATINUM RESISTANCE THERMOMETER 

The In te rna t i ona l   P rac t i ca l   Tempera tu re   Sca le   o f  1968 ( t h e  IPTS-68) i s  
based i n   p a r t  on a formulated  re la t ionship  between  temperature  and  the 
r e s i s t a n c e   o f  a s t r a i n - f r e e ,   h i g h   p u r i t y   p l a t i n u m   w i r e .  A p roper l y   des igned  
PRT can  be  expected t o  be very   accura te   over  a cryogenic   tunnel   temperature 
range   w i th   on l y  a f e w   f i x e d   c a l i b r a t i o n   p o i n t s .  The r e s i s t o r ,   o f   c o u r s e ,  
needs t o  be i n s u l a t e d  and protected  f rom  the  env i ronment .  As a r e s u l t ,  i t  
responds  more  slowly  than a bare-wire  thermocouple.  

The d e c i s i o n  was  made t o   s e a r c h   f o r  a commerc ia l l y   ava i lab le   p robe  wh ich  
m o s t   n e a r l y   s a t i s f i e d   t h e  NTF needs  and  thereby  avoid  the  expense  of  a s p e c i a l  
design. Seven manufacturers  had a t o t a l   o f  14 probe  types  which  appeared t o  
p o t e n t i a l l y   s u i t   t h e  NTF a p p l i c a t i o n .  A complete  program was s e t  up t o   t e s t  
2 o f  each o f   t h e  14  types.  X-ray  shadowgraphs  were made o f  each u n i t  t o  
de termine  the   loca t ion   and  geomet ry   o f   the   tempera ture   sens ing   e lement   and 
the   de ta i l s   o f   t he   f ou r -w i re   l ead   a t tachmen t .   Tes ts   were   pe r fo rmed   to   l ook  
f o r   a c c u r a t e   m a t c h   t o   t h e  IPTS-68, s e l f - h e a t i n g  and  immers ion   de ta i l s ,   e r ro rs  
due to   t he rma l   vo l tages  , a n d   f o r   e l e c t r i c a l   i n s u l a t i o n .   C a l i b r a t i o n   s t a b i  1 i ty 
was checked  through  100  cycles t o  LN2 ' temperature. 

344 



Two probes  appear t o  b e   s u p e r i o r   f o r   t h e  NTF a p p l i c a t i o n .  One i s  now 
i n s t a l l e d   i n   t h e  0 .3 -meter   c ry0   tunne l   fo r  l i f e   t e s t s  under   opera t ing  
c o n d i t i o n s .   I t s   t i m e   c o n s t a n t  may be as sho r t   as   10   seconds ,   bu t   t h i s  
remains t o  be  determined i n  use. I n c i d e n t a l l y ,   t h e   c o m p l i c a t i o n s   o f  a 
b r i d g e ,   t r a n s m i t t e r ,   o r   o t h e r   s i g n a l   c o n d i t i o n i n g   a r e   a v o i d e d   b y   u s i n g  a 
po ten t i omet r i c   me thod   to  measure res is tance,   w i th   the   sensor   powered  by  a 
c o n s t a n t   ( u s u a l l y  1 vA) c u r r e n t .  

THERMOCOUPLES 

Thermocouples  have  always  been  the  workhorse  temperature  sensor f o r  
w ind   tunne ls .  They a r e   r e l i a b l e ,   e a s y   t o   a p p l y ,  and  can  be made s m a l l   f o r  
f as t   response  and  minimum thermal   per turbat ion.   Thermocouples  are  pass ive 
w i t h   e s s e n t i a l l y  no s e l f - h e a t i n g .  It i s  reasonable t o   e x p e c t   t h a t   p r e v i o u s  
wind  tunnel   exper ience  can  be  extended  in to  a lower  temperature  range. 

The o f t e n   q u o t e d   d i s a d v a n t a g e   o f   t h e r m o c o u p l e s ,   e s p e c i a l l y   a t   c o l d  
temperatures, i s   l o w   t h e r m o e l e c t r i c  power , dE/dT, t y p i c a l  l y  16 pV/K a t  80 K. 
T h i s   i n   i t s e l f   i s   n o t  a problem  consider ing modern r e a d o u t   e l e c t r o n i c s .  The 
problem  ar ises  as a consequence o f   p a r a s i t i c   e . m . f . ' s   w h i c h  may develop 
because  of  inhomogeneous  sections  of  wire  located i n  tempera ture   g rad ien ts .  
Sharp  temperature  gradients   typ ica l   around  cryogenic   equipment   magni fy   the 
p a r a s i t i c   e . m . f . ' s .   C o u p l e   t h i s   w i t h   t h e   l o w   t h e r m o e l e c t r i c  power  and t h e  
e r r o r   i n   t e r m s   o f   t e m p e r a t u r e  may become s i g n i f i c a n t .  

A f ina l   d isadvantage  concerns   the   compl ica ted   tempera ture-vo l tage 
r e l a t i o n s h i p .  I f  i n d i v i d u a l   c a l i b r a t i o n s   a r e   t o  be avoided, some degree o f  
s t a n d a r d i z a t i o n   f o r   i n t e r c h a n g e a b i  1 i t y  i s   r e q u i r e d .   T h i s   t u r n s   o u t   t o  be a 
s i g n i f i c a n t   p r o b l e m   a t   c o l d   t e m p e r a t u r e s ,   s i n c e   t h e r m o c o u p l e   w i r e s   a r e  
g e n e r a l l y   n o t   a v a i l a b l e   w i t h   c l o s e   l i m i t s   o f   e r r o r   b e l o w  220 K. 

S e l e c t i o n   o f   W i r e   f o r  PlTF 

Type T (copper-Constantan)  thermocouple  wire was chosen f o r  NTF use f o r  
seve ra l   reasons .   Exper ience   w i th   t h i s   w i re   i n   t he   0 .3 -me te r   c ry0   t unne l  was 
s a t i s f a c t o r y .  It p r o v e d   s u p e r i o r   t o   t y p e  E (Chromel-Constantan)  and  type K 
(Chromel-Alumel) i n  homogene i ty   and  ca l ib ra t ion   match   to   s tandard   tab les .  
Type T w i r e   i s   t h e   o n l y   t h e r m o c o u p l e   p a i r   a v a i l   a b l e   w i t h  a recognized ASTM 
a c c u r a c y   s p e c i f i c a t i o n   i n   t h e   l o w   t e m p e r a t u r e   r a n g e .   S p e c i a l   l i m i t s   o f  
e r r o r   w i r e   a r e   q u o t e d  as 21%  f rom -3OOOF ( 8 9  K)  t o  -750F (21 4 K ) .  And 
f i n a l  ly ,  t ype  T w i re   has   the   advantage  o f   s imp1 e p o l a r i t y   r e c o g n i t i o n  because 
o f   t h e   c o l o r   o f   c o p p e r .   P o l y i m i d  film i n s u l a t o r s   s u i t a b l e   f o r   c r y 0   t u n n e l  
a p p l i c a t i o n s   a r e   n o t   a l w a y s   a v a i l a b l e   w i t h   c o l o r   c o d e s .   I n  a f a c i l i t y   t h e  

c o n n e c t i o n   p o i n t s ,   s i m p l e   p o l a r i t y   r e c o g n i t i o n   i s   v e r y   i m p o r t a n t .  
- s i z e   o f  NTF w i t h  hundreds o f  t h e r t r o c o u p l e   c i r c u i t s   e a c h   w i t h   s e v e r a l  

The disadvantages o f   t y p e  T w i r e   c o n c e r n   t h e   h i g h   c o n d u c t i v i t y   a n d  
m a l l e a b i l i t y   o f   c o p p e r .   T h e r e   a r e  ways t o   m i n i m i z e   t h e s e   p h y s i c a l   d i s -  
advantages  such  that   type T w i r e  becomes t h e   o b v i o u s   c h o i c e   f o r  NTF. For  
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example, t h e   c o n d u c t i v i t y   c a n   b e   h a n d l e d   b y   t h e r m a l l y   c o n d i t i o n i n g   t h e  
l e a d s   t o   m i n i m i z e   c o n d u c t i o n   t o   a n   a c t i v e   j u n c t i o n .  

Type T w i r e   i s  a p o o r   s e l e c t i o n   f o r  a sheathed,  hard  packed  ceramic 
i n s u l a t o r   t h e r m o c o u p l e   w i r e   a s s e m b l y .   T h i s   m a t e r i a l   c o n f i g u r a t i o n  has  been 
avo ided  by   us ing   po ly imide  film i n s u l a t e d   w i r e   i n  a sma l l   bo re   t ube   condu i t  
i n  an app l ica t ion   where   sheathed  w i re   m igh t   o therw ise   have been  used. 

Homogeneity 

The thermoelect r ic   homogenei ty   prev ious ly   ment ioned  can  be  descr ibed  by 
l o o k i n g   a t  a bas i c   t he rmocoup le   o f   ma te r ia l s  A and B j o i n e d   a t   p o i n t s  1 and 2 
( f i g .   1 ) .  The observed phenomena as i t  a p p l i e d   t o   t h e r m o m e t r y   i s   s t a t e d  
s imp ly  as the   ne t   vo l tage   genera ted .  

E n = [' SAB dT 
T 

' 1  

where T i s   abso lu te   t empera tu re   and  SAB i s   t h e   " r e l a t i v e  Seebeck 
c o e f f i c i e n t . "  I f  t h i s   t h e r m o c o u p l e   i s   t o   b e  a thermometer,  then SAB cannot 
v a r y   w i t h   d i s t a n c e  X a long   t he   w i re .   The rmoe lec t r i c   homogene i t y   i s   j us t  
a s t a t e m e n t   o f   t h e   f a c t   t h a t  SAB = f (T )   on l y .  

The apparatus  used t o  check  the  homogeneity o f  thermocouple  wi re  is  shown 
i n   f i g u r e  2. Wire i s   p u l l e d   i n t o   t h e n   o u t   o f  a v a t   o f  LN2 as i t  i s  wound f rom 
one  spool t o   a n o t h e r .  A nonsymmetr ic  temperature  gradient i s   e s t a b l i s h e d   i n  
the   w i re ,   s teep  where  i t  en te rs   t he  LN2 and  more sha l l ow  as i t  r e c o v e r s   t o  
room temperature. An e l e c t r i c   c i r c u i t   i s  completed  from  the  ends o f   t h e   w i r e  
t h r o u g h   s l i p   r i n g s   t o  a po ten t iometer   recorder .  Thus,  as t h e   w i r e   i s   p u l l e d  
th rough   the  LN2,  a nonsymmetr ic   temperature  gradient   t ravels   a long  the  wi re  
such   t ha t  if an  inhomogeneous p o r t i o n   o f   w i r e   e n t e r s   t h e  LN2, a p a r a s i t i c  
vo l tage  i s   genera ted   and  recorded.  

S t r i p   c h a r t   t r a c e s   t y p i c a l   o f  some p o o r   s e c t i o n s   o f   t y p e  E, K ,  and T w i r e s  
a r e  shown i n   f i g u r e  3. The l a r g e r   v e r t i c a l   d e f l e c t i o n s   a r e   t h e   u n d e s i r a b l e  
s p u r i o u s   v o l t a g e   t o t a l l y   u n r e l a t e d   t o   t h e r m o c o u p l e   j u n c t i o n   t e m p e r a t u r e s .  
The background  vo l tage  f rom sl i p   r i n g   n o i s e   i s   o n l y   a b o u t  2 m i c r o v o l   t s .  O f  
a l l   t h e   w i r e s   t e s t e d ,   t h e   t y p e  T w i res   a lways   p roved  to  be t h e  more 
homogeneous. I n   f a c t ,   t h e   s p i k e  on t h e   l o w e r   t r a c e ,   f i g u r e  3, was t h e   o n l y  
spurious  e.m.f.   from a 5 0 - f o o t   l e n g t h   o f   t y p e  T w i r e .   E x a m i n a t i o n   o f   t h i s  
w i r e  showed a p h y s i c a l   d e f e c t   i n   t h e   C o n s t a n t a n   w i r e   a t   t h a t   p o i n t .  
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Calibration 

Detailed  calibration of  thermocouples for  the 0.3-meter  cry0  tunnel was 
made  by comparison with a standard PRT i n  a liquid b a t h  from room temperature 
down t o  175 K. The next  lowest  point  available was the LN2 boiling  point 
( abou t  77 K). Efforts t o  bridge  the gap  between 77 K and 175 K w i t h  an 
inexpensive apparatus  were n o t  satisfactory and  the shape of  the  calibration 
curves remained questionable. Today these  calibrations  are accomplished with 
the equipment shown in  figure 4. The main features o f  the  apparatus  are 
internal t o  the  cryostat  as shown schematically  in  figure 5. In  essence, a 
copper equalizer block  looks a t  an L N 2  environment. The block wculd normally 
seek the  temperature  of  the  liquid  except t h a t  i t  can be e lec t r ica l ly  heated 
t o  a higher  desired  temperature. Heat leakage from the  equalizer block i s  
controlled by varying  the  pressure of the  transfer gas which f o r  these 
purposes has been dry  nitrogen a t  a low pressure. The cal ibrat ion  is  a 
comparison one w i t h  the block temperature  determined  with a standard PRT. 

The f i r s t  d a t a  taken  with this  calibration equipment i s  shown in 
figure 6. Thermocouple "error"  is  plotted  over a range from 77 K t o  about  
300 K. As used here "error"  is  the  deviation of  the thermocouple o u t p u t  from 
the  standard NBS tables.  Calibration  points on four  wire samples from one 
spool all   fall   in  the shaded area. The wires tested well within  the ASTM 
special  limits of  error  as shown in  the  figure. A linear  correction  factor 
brings a l l  the  points t o  within - +0.2 K. 

As a fur ther   just i f icat ion o f  the use of type T wires, of the dozens of 
samples of thermocoupl es  tested  for  cry0  tunnel  use, a1 1 the  type T wires 
tested  within  the +1% limits of error.  A1 1 type K and E wires  tested 
exceeded th i s  1 imit. 

Comments on Applications 

Thermocouples for NTF high accuracy  requirements  will  get  special 
handling. Contiguous lengths of a thermocouple c i r cu i t  from the  active 
junction t o  the tunnel wall, t h r o u g h  a penetration then on t o  a reference 
junction  will be cut from a continuous  length o f  wire. Each piece  will be 
identified  as t o  channel and  location. All wire  will be checked for 
homogeneity. Sections showing parasit ic  e.m.f. 's  i n  the L N  tes t   wi l l  n o t  
be used inside  the tunnel  in  order t c  minimize "short range* inhomogeneity 
errors.  Long range  inhomogeneity ( i . e .  , calibration  differences from one end 
of a length of wire t o  another)  will be picked u p  by a calibration  schedule. 
The schedule  will be developed as  calibration d a t a  i s  gathered. 

Wall penetration and other  connections  in a thermocouple  channel can be 
an error  source. Spurious e.m.f. 's  depend upon the  temperature  gradients, 
the  thermoelectric  quality of the  conductors and whether foreign  conductive 
materials were introduced  in  manufacturing  the  connector.  Tests on a popular 
quick  disconnect  multichannel  connector/wall  penetration showed errors  as high 
as 3 K for  crimp connection of wire to  pin and 30 K when solder was used. 
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C l e a r l y   t h i s   t y p e  o f  er ror   decreases  as t h e   g r a d i e n t   i s   d e c r e a s e d  so t h a t  i t  
i s   i m p o r t a n t   t o   m i n i m i z e   t e m p e r a t u r e   d i f f e r e n c e s   a c r o s s  even  so-ca l led 
the rmocoup le   connec to rs .   H igh   accu racy   t he rmocoup le   c i r cu i t s   i n  NTF will use 
c a l i b r a t e d   w i r e   p e n e t r a t i n g   t h e   t u n n e l   w a l l   d i r e c t l y   t h r o u g h  a compression 
f i t t i n g   i n   o r d e r   t o   a v o i d   t h i s  problem. 

CONCLUDING REMARKS 

All i n d i c a t i o n s   a r e   t h a t   t h e  NTF goals  will be  met   a l though  the   resu l ts  
a r e   n o t   a l l   i n .  A commercial PRT i s   p r o v i n g   t o  have  long  term  accuracy i n  
excess o f   t he   requ i remen t .   I t s   t ime   cons tan t   rema ins   i n   ques t i on .   The re  
i s  under  development a method t o  measure PRT t ime   cons tan ts  " i n   s i t u .  

The goal o f  s p a c i a l   u n c e r t a i n t y   o f  +0.5 K on a thermocouple  network i s  
w i t h i n   r e a s o n   t h r o u g h   s u i t a b l e   p r e i n s t a l l a t i o n   t e s t s ,   s p e c i a l   h a n d l i n g ,   a n d  
a t t e n t i o n   t o   o t h e r   d e t a i l s .   U l t i m a t e l y   t h i s   e v a l u a t i o n  will be made d u r i n g  
t h e   c a l i b r a t i o n   o f  NTF by   compar ison   w i th   o ther   ins t ruments   inc lud ing  a PRT. 

The 1-second  time  response  appears t o   b e  no  problem.  Published  data 
came i n t o   q u e s t i o n  as a p p l i e d   t o  a c ry0   tunne l .   For   tha t   reason,   t ime 
constants  on a tes t   t he rmocoup le   a re   be ing  made i n   t h e  0.3-meter  cry0  tunnel  
a t  a m a t r i x  o f  c o n d i t i o n s .  The setup  invo lves  heat ing  the  thermocouples 
a few  degrees w i t h  an a l t e r n a t i n g   c u r r e n t ,   t h e n   o b s e r v i n g   t h e   t e m p e r a t u r e -  
t i m e   h i s t o r y   o n  a d i g i t a l   o s c i l l o s c o p e   a f t e r   t h e   h e a t i n g   c u r r e n t   i s   s w i t c h e d  
o f f .  

The 0.3-meter  cry0  tunnel   cont inues  as a t e s t  bed t o  broaden  the  base o f  
e x p e r i e n c e   f o r  NTF tempera ture   ins t rumenta t ion .  
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Figure 1.- Thermoelectric  thermometer. 

Figure 2.- Thermocouple  wire  homogeneity test  apparatus. 
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Figure 3.- Typical  homogeneity  test  results. 

Figure 4.- Low temperature  calibration  apparatus. 
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Figure 5.- Schematic of components  internal  to  cryostat. 
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Figure 6.- Results of the  calibration of 4 type T thermocouples. 



SYSTEM SPECIFICATIONS AND CONSTRAINTS 

The d e s i r e d   c h a r a c t e r i s t i c s   f o r   t h e   d e f o r m a t i o n  measurement  system  are 
t h a t  i t  be nonint rus ive,   " rea l   t ime,"   and  prov ide  area  mapping o r  a m u l t i -  
p o i n t   s c a n   o f   t h e  model s u r f a c e   s p e c i f i c a l l y   t o  measure a maximum deformat ion  
o f  7.62 cm ( 3   i n c h e s )   w i t h  an accuracy  of  +0.064 mm (+0.0025  inch).  Measure- 
ment  parameters a f fec t i ng   t hese   requ i remenTs   a re   shown  i n   Tab le  I .  

TABLE I . -  MEASUREMENT PARAMETERS 

Viewing  area  0.9  meter  square 

Model p i t c h   a n g l e   - 1  7 t o  +19  degrees 

Number o f   p o i n t s  50- 100 

Measurement t ime  <2 seconds 

Frequency  response 1 Hz t o  100 Hz 

Opevating  environment: 

Temperature 78 t o  344 K 

Pressure 896  kPa max 

Noise ,150  dB  SPL 

O t h e r   c o n s t r a i n t s   o f  a phys i ca l   na tu re   a re  as f o l l o w s :  

1. Camera moun t ing - -p resen t l y ,   t he   on l y   moun t ing   pos i t i ons   f o r   t he  
camera(s)  having a d i r e c t   v i e w   o f   t h e  model a r e   i n   t h e   t u n n e l   f l o o r   o r   c e i l i n g .  
Access to   the   5 - inch-d iameter  windows i s  between  deep s t r u c t u r a l  beams, 
approx imate ly  56 cm (22  inches)  deep and  13  cent imeters  (5   inches)   apar t .  
On the  tunnel   center l ine,   these  dimensions  cannot  be  exceeded  because  other 
components e x i s t   o v e r   t h e s e   l o c a t i o n s .  

2. V ib ra t i on   env i ronmen t - - the   ac tua l   v ib ra t i on   l eve l s   and   f requency  
spectrum  are unknown;  however, i t  i s  assumed t h a t   s i g n i f i c a n t   v i b r a t i o n   l e v e l s  
will be  encoun te red   w i th in   t he   f requency   range   o f   i n te res t  and v i b r a t i o n  
iso la t ion   o r   subsequent   compensat ion  will be requ i red .  

3. D imens iona l   s tab i l  i t y - - i t  i s  known t h a t   t h e  model suppor t  and t h e  
sensor   mount ing  s t ructures will move w i t h   r e s p e c t   t o   e a c h   o t h e r  as temperature 
v a r i e s   d u r i n g  a run. Some fo rm  o f   au tomat i c   reg i s t ra t i on   and   t he   t echn iques  
t o  implement i t  will be  requ i red .  
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DISCUSSION OF CONCEPTS 

Stereo Photogrammetry 

In this  technique, two (or more) cameras view the  object from different  
positions and angles. Given a number of fixed  reference  points,  three- 
dimensional motions can be extracted by noting  the change in  the  position of 
p o i n t s  on the  object  with  respect t o  the  reference po in t s .  Of significance 
is  the  fact  t h a t  this i s  a non-real-time approach and requires  extensive d a t a  
reduction  procedures af ter   the   fact .  High  resolution  is   possible  if  one can 
define  reference p o i n t s  within  the viewing area and t h a t  these  points 
maintain their   posi t ion  re la t ive t o  the model.  Because this  technique has 
been  implemented in  other LaRC f a c i l i t i e s  and the d a t a  reduction  algorithms 
and procedures ex is t ,   th i s  approach is  presently planned as a "backup" 
approach for  the NTF facility.  Present  reduction procedures are  labor 
intensive  requiring manual spot  location  sensing from frame t o  frame. Once 
located,  lens and window distortion  corrections must be applied and f ina l ly ,  
coordinate  transformation from  camera coordinates t o  model coordinates must 
be accomplished. A continuing  effort   is  being exerted  to improve t h i s  
procedure  in  order t o  reduce the time  required  to  obtain  the  finished  data. 

Scanning Photogrammetry 

This  technique i s  geometrically  similar  to  the above approach b u t  i s  
electronic from the beginning and thus  provides  the  real-time or almost 
real-time  capability  desired. Shown schematically  in  figure 1 , the system 
i s  programed t o  rapidly  scan a preselected  array of points on the model. On 
sxceeding  scans,  if  the  points have moved, the i r  new location  is  determined 
and become the  init ial   locations examined on the  next  scan,  etc. The system 
consists o f  two ( o r  more) cameras which  employ  image dissector  tubes  as  their 
sensors. By electronically scanning an aperture over the image plane,  using  pre- 
programed deflection  potentials,  the system can move rapidly from spot  to  spot. 
Once a t  a position, a miniscan  of the neighborhood quickly  centers a displaced 
spot  in  the  aperture,  determines  the  displacement  coordinates, and stores 
them in memory as  the  init ial   posit ion  for  the next  scan. 

Preliminary  results from a contract  effort  investigating  this  technique 
have allowed some conclusions  to be drawn. Active light  source  targets  will 
be necessary.  Passive  targets,  in  order t o  appear  as a fixed  pattern and to  
minimize focusing  variations accompanying large model excursions, would  have 
t o  be small and  would then  require  intense  illumination  levels  to  achieve a 
satisfactory  signal-to-noise r a t i o  a t  the  detector. By directing  the X-Y 
scanning  system,  in  contrast  to a ras ter  scanning  technique,  discrete  points 
can be addressed and tracked  with  sufficient speed t o  allow low frequency 
dynamic data t o  be obtained. A 1,aboratory model suggests t h a t  50 t o  100 
measurement p o i n t s  can be resolved  to a resolution of +0.@76 mm (50.003 inch) 
a t  frequencies t o  200 Hz. Additionally,  there is  a trade-off t o  be made  among 
( 1 )  the number of targets  tracked  per second, ( 2 )  the  vibration  amplitude, 
and (3) the  target  contrast  and brightness. 
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All of  the  approaches  discussed  require  extensive  processing of d a t a .  
Most of the approaches are  stereo  in  nature, some of them in  real time and 
some af te r   the   fac t ,  however, a l l  of the approaches  discussed are remote 
measurement concepts and will  require  extensive  coordinate  transformations 
to  arrive  in a body a x i s  environment. Lens, window, medium,  and sensor 
motion corrections  will have t o  be determined and applied t o  the  data. 
Dynamic measurements i n  real  or almost real time will  require  elaborate, 
high-speed computational equipment and algorithms t o  accomplish these  tasks. 
Figure 5 schematically  i l lustrates  the systems  being studied and reveals 
many common aspects. 

The addressing of these problems i s  proceeding  with both in-house and 
contract   efforts.  A system which emulates  the  scanning photogrammetry 
approach,  thougl~  inadequate for the IlTF requirements, has been purchased 
t o  investigate  the  sensor m o u n t i n g  geometry, sensor  vibration environmental 
e f fec ts ,  model i 11 umination and stereo  coordinate  transformation , and dis- 
tortion  correction  computations. Observing a complete  system will  place 
problem areas i n  perspective  for  further  definition. I t  i s   ant ic ipated 
t h a t  currently  available image processirlg equipment will be procured t o  
investigate  the  real-time computational aspects. The mounting and instal la t ion 
problems associated with active  sources on the model  wi 11 be pursued by 
in-house  personnel. The problem of determining how many targets  and t he i r  
spatial  locations on the model will be addressed  in  cooperation  with  aero- 
dyrlami c research  personnel. 

CONCLUDING  REMARKS 

The measurement of model deformation,  complicated  significantly b y  the 
constraints and  operational environment of the NTF, i s  a diff icul t   task 
with many ident i f iable  problems t o  overcome. Previous development effor ts  
a n d  computational  procedures  developed have made the  stereo photogrammetry 
approach the prime candidate  for  this measurement. Extensive work w i l l  be 
required t o  provide fas te r  and more efficient  processing of the d a t a .  
Current developments in  the  area of scanning photogrammetry suggest t h a t  
real-time  acquisition of multipoint (50-100) dynamic d a t a  (10-30 Hz) may  be 
possible.  Significant problems ex i s t  i n  the  areas  of  sensor motion com- 
pensation  (or i l l  urnination) ; optical p a t h  anomalies , their   ident i f icat ion 
and  compensation; and target  location and m o u n t i n g .  
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Figure 1.- Scanning  stereo  photogrammetry. 
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Figure 2.- Moir6 topography. 



F i g u r e  3.- Microwave  modulated laser  t r a n s m i t t e r   w i t h   f i b e r   o p t i c  
t r a n s m i s s i o n   l i n e .  
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F i g u r e  4.-  Microwave  modulated  l ight  beam. 
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Figure 5.- Model  deformation  measurement. 
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CRYOGENIC  MODELS/STING 

TECHNOLOGY SESSION 

Clarence P.  Young, J r .  
Langley Research Center 

OVERVIEW 

The advent of high Reynolds number ( R e ) ,  high dynamic pressure  testing 
in a cryogenic environment offers  exciting and difficult   challenges  for  the 
researcher and model/sting systems design  engineers. Although much experi- 
ence has  been obtained  in  the use of the Langley 0.3-Meter Transonic Cryo- 
genic  Tunnel, new technology i s  required  for  the  design and fabrication of 
models/stings  for  testing a t  high Reynolds numbers and high pressures  in  the 
new National  Transonic Facil i ty ( N T F ) .  

The technology activit ies  reported in th i s  overview are   just   get t ing 
underway a t  Langley Research  Center and are  expected t o  be a continuing 
effort   unti l   the NTF is   operational.  The papers selected  for  publication in 
this  session o f  the  proceedings represent  the  experience  obtained t o  date and 
reflect  the  areas of work t h a t  are  believed t o  be of primary interest  t o  
potential  users of the National  Transonic Facil i ty.  

The 0 . 3  meter cryogenic  tunnel a t  Langley Research Center became opera- 
tional  in 1973. Many models ranging from two dimensional a i r fo i l s  t o  three 
dimensional  simply supported models  such as  the  Shuttle  Orbiter have  been 
tested in th i s   f ac i l i t y .  Typical t e s t  model configurations which  have  been 
run in   this   faci l i ty   are  shown in  figure 1 .  Test  temperatures have ranged 
from 78°K t o  283°K which is   essent ia l ly   the same temperature range that  models 
will be exposed t o  during tes t ing in the NTF. Also t e s t s  have  been conducted 
up t o  total  pressures of 6 atmospheres on two dimensional a i r fo i l  models. 
This compares with a peak total  pressure  operation of 9 atmospheres a t  high 
Re in  the NTF. Hence the  0.3 meter tunnel has provided the  cryogenic  experi - 
ence b u t  some models in the NTF will be loaded much higher due t o  higher 
operating  pressures a t  high Reynolds  number  and  more complex, 3-D models 
being  supported on long flexible  st ings  as compared t o  the more rigid and 
simply  supported models tested in  the  0.3 meter tunnel. 

W i t h  regard to  fabrication,  various methods  of model construction have 
been used. These include  conventional,  casting,  welding, and  plating  tech- 
niques. All methods  have presented some d i f f i cu l t i e s  as might be expected, 
b u t  no insurmountable  ones. Example problems include  the  attainment o f  close 
model tolerances and surface  finish  necessitated by higher Reynolds number 
testing.  Also, where screws join  dissimilar  materials,  thermal and/or  vibra- 
tion  cycling can cause  the screws to back out. The use o f  good engineering 

IL 
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d e s i g n   p r a c t i c e   s u c h   a s   p o s i t i v e   l o c k i n g   d e v i c e s   c a n   e l i m i n a t e   t h i s   p r o b l e m .  
I n   a d d i t i o n  some d i f f i c u l t i e s  were  encountered i n  cases  where o r i f i c e   t u b e s  
were   so ldered   in to   the   mode l .  A s o l d e r   i n t e r f a c e   l e f t  on t h e   s u r f a c e   c r a c k e d  
u n d e r   t h e r m a l   c y c l i n g .   T h i s   e x p e r i e n c e   p o i n t e d   t o   t h e   n e e d   f o r   t h e   o r i f i c e  
h o l e   t o   b e   i n t e g r a l   w i t h   t h e  model sur face ,  i f  poss ib le ,   t o   avo id   such   p rob -  
1 ems. 

I n   g e n e r a l   t h e   e x p e r i e n c e   w i t h   t e s t i n g   i n   t h e  0.3 me te r   t unne l  has  been 
good w i t h  no  model s t r u c t u r a l   f a i l u r e s  and  no  major  temperature  problems,  but  
w i t h  some fabr icat ion  problems  (which  were  overcome).  It i s  concluded  f rom 
t h i s   c r y o g e n i c   t e s t   e x p e r i e n c e   t h a t   e x o t i c   d e s i g n s   a r e   n o t   n e e d e d   f o r  a c ryo-  
genic  environment  and i n   g e n e r a l   s p e c i f i c  model requirements  can  be  met  by 
a p p l y i n g  good eng ineer ing   des ign   p rac t i ce .  

I n   s u p p o r t   o f   t h e   a c t i v a t i o n   p l a n   f o r   t h e  NTF a major  R & D e f f o r t   i s  
underway t o  deve lop   t he   t echno logy   needed   fo r   t he   des ign   and   f ab r i ca t i on   o f  
c ryogen ic   mode ls   and  s t ing   sys tems  fo r   the   Nat iona l   T ranson ic   Fac i l i t y .  The 
p r i n c i p a l   e l e m e n t s   o r   t a s k s   a s s o c i a t e d   w i t h   t h i s   a c t i v i t y   i n c l u d e   t h e   i n - h o u s e  
des ign   and   f ab r i ca t i on   o f   two  ( 2 )  research  models   and  s t ing  systems.  The 
f i r s t  mode l ,   Pa th f inder  I, i s  a force  and  pressure model r e p r e s e n t a t i v e  o f  a 
t r a n s p o r t   c o n f i g u r a t i o n .  The  second m d e l  , P a t h f i n d e r  I 1  , i s  a f o r c e  model 
and r e p r e s e n t a t i v e   o f  a f i g h t e r   c o n f i g u r a t i o n .  These  models a r e   d e s c r i b e d   i n  
re fe rences  1 and  2. A genera l   Use rs   C r i t e r i a  document will be  developed  around 
the  Pathf inder   models   exper ience  and  publ ished  by  Langley  Research  Center  
approx imate ly  one y e a r   b e f o r e   t h e  NTF becomes o p e r a t i o n a l .  To da te ,   t he   ma jo r  
exper ience has  been w i t h   t h e   d e s i g n   o f   t h e   P a t h f i n d e r  I model  and t h i s   i s   r e -  
f l e c t e d   i n   t h e   m a t e r i a l   p r e s e n t e d   i n   r e f e r e n c e s  2 th rough 4. The R & D pro-  
gram object ives  and  major   e lements  ( tasks)   are  summar ized i n   f i g u r e  2. 

The m a j o r   t e c h n o l o g y   a c t i v i t i e s   b e i n g   c a r r i e d   o u t   i n   s u p p o r t   o f   t h e  R & D 
program i s   d e p i c t e d   i n   f i g u r e  3. The technology  work i s  an i n t e r a c t i v e ,   c l o s e d  
1 oop i t e ra t i ve   p rocess   beg inn ing   w i th   t he   Research   Requ i remen ts   (mode l   de f i n i  - 
t i o n )  and  ending  wi th  Model F a b r i c a t i o n .  The techno logy   deve lopment   ac t i v i -  
t i e s   a r e   b e i n g   c a r r i e d   o u t   a t   L a n g l e y   R e s e a r c h   C e n t e r   i n  a s t ruc tu red   p rog ram-  
ma t i c  manner. The m a j o r   g o a l   o f   t h e   s u p p o r t   a c t i v i t i e s   i s   t o   a c c o m p l i s h   t h o s e  
tasks   o r   e lements   assoc ia ted   w i th   the   a fo rement ioned R & D program. 

The D e s i g n   a n d   A n a l y s i s   a c t i v i t i e s   d e p i c t e d   i n   f i g u r e  3 a r e   c l o s e l y   r e -  
l a t e d  and r e s u l t   i n  an i t e r a t i v e  approach  (see  d iscuss ion  on  Design  by  Analys is  
i n   r e f e r e n c e  3 ) .  It shou ld  be n o t e d   t h a t   i n   t h e   D e s i g n   a r e a ,  a Computer  Aided 
Design/Computer  Aided  Machining (CAD/CAM) c a p a b i l i t y   i s   b e i n g   d e v e l o p e d   a t  
Lang ley   Research   Cen te r   f o r   app l i ca t i on   t o  model d e s i g n   a n d   f a b r i c a t i o n .  The 
AD-2000 program  which was ob ta ined   under   t he   I n teg ra ted   P rog ram  fo r   A i r c ra f t  
Design  Contract  ( I P A D )  w i th   t he   Boe ing  Company i s   b e i n g   u s e d  as t h e   p i   l o t  
program. 

The  Analyses a c t i v i t i e s   t o   d a t e   a r e   r e p o r t e d   i n   r e f e r e n c e  3. It i s   a n t i -  
c i p a t e d   t h a t  an i n t e g r a t e d   p r o g r a m   f o r   t h e   a n a l y s i s   o f   m o d e l s   a n d   s u p p o r t   s y s -  
tems will r e s u l t   f r o m   t h i s   e f f o r t  and   i nc lude   t he   necessa ry   s ta t i c ,   dynamic  , 
a e r o e l a s t i c ,  and f r a c t u r e   m e c h a n i c s   a n a l y s i s   c a p a b i l i t y .  
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Materials  technology becomes a very  important  aspect of testing  in a 
cryogenic environment and is  discussed i n  reference 4 w i t h  emphasis on Frac- 
ture Mechanics aspects and the  Material  Selection  Process. Although the 
ac t iv i t i e s  i n  this area have concentrated on metals t o  date i t  is   ant ic ipated 
t h a t  other  materials  (e.g. advanced composites) may  be selectively used for  
models  and support  systems.  Reference 5 is  a survey  paper which presents 
information on vir tual ly   a l l   c lasses  of cryogenic  materia-1s- r a n g i n g  from 
primary structural  material  to  adhesives. The Testing  activities  include such 
thi  ngs  as math  model veri f i cat i  o n ,  materi a1 s properties  characteri  zati on a t  
cryogenic  temperatures and tes t ing . in   the  0.3 meter tunnel t o  verify design 
concepts. The 0.3 meter  tunnel offers  an excel lent   tes t  bed for  structural  
design verification,  study of surface roughness effects,   study of s t ing geom- 
etry aerodynamic interference  effects,  and other  types of technology-oriented 
research ac t iv i t i e s .  

Fabrication i s  an area where much work i s  needed t o  advance the  tech- 
nology. In  par t icular  a number  of different  techniques for building 2-D 
a i r fo i l  models are being studied. One method  which offers  excellent promise 
i s  t h a t  of diffusion b o n d i n g .  Tubes inside  the model can possibly be elimi- 
nated by diffusing  layered  material  sections  together t o  form pressure  pas- 
sages a n d  then drilling  holes  into  these  passages. The problem of obtaining 
smoother surfaces and closer  tolerances  (see  reference 6 )  certainly poses 
fabrication  concerns,  particularly  for  the t o u g h  materials t h a t  wi 11  be re- 
quired  for  cryogenic  testing.  Also,  the  types of equipment needed for accu- 
rate measurement of surface  finish and  validating model tolerances  are being 
investigated. 

The conventional  design approach for models and stings  tested  in NTF 
would require  safety  factors of three on yield or four on ultimate (whichever 
i s   g rea te r ) .  The use of similar  safety  factors for NTF models  would be highly 
desirable of course .For protecting  the fan and  avoiding damage t o  the  tunnel. 
However, because of the  potentially h igh  aerodynamic loading in the NTF, use 
of these  conventional  safety  factors would place  operating  constraints on the 
NTF t e s t  envelope. For example,  design working stresses  are  projected t o  be 
6.9 x 10 newtons/m (100 ksi)  o r  greater  for high R e ,  h i g h  dynamic pressure 
testing. To apply a safety  factor of 3 would disqualify most commercially 
available a1 loys.  Therefore  safety  factors must be reduced. 

9 2 

A summary of the  relaxed primary design criteria  selected  for  the  devel- 
opmental  models i s  given i n  f igure 4. The c r i t e r i a  i n  figure 4 relaxes  safety 
factors on strength and fatigue,  introduces a new requirement i n  terms of 
fracture toughness and  maintains  current  practice on aeroelastic  safety  fac- 
tors .  The basis for relaxing  design  cri teria  is  as follows: much  more atten- 
tion  will be given t o  design; more in-depth and state-of-the-art  analyses  will 
be required;  variabi 1 i ty on knowledge  of loads w i  11  be minimized to  the  extent 
possible;  extensive  verification and proof testing  will be required;  better 
quality  control and inspection d u r i n g  procurement and fabrication  will be 
required; and highly  cri t ical  model tests  will  require  on-line monitor ing of 
loads and dynamic response. Emphasis wi 11 also be placed on fracture  control 
and selection of materials w i t h  h i g h  fracture toughness. 
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Figure 1.- 0.3-Meter  Transonic  Cryogenic Tunnel tests  in  original 
octagonal  test  section. 

0 OBJECTIVES 

DEVELOP  TECHNOLOGY  FOR DESIGN  AND  FABRICATION OF 
MODELS/  STINGS FOR NTF 

DOCUMENT REQUIREMENTS 

8 ELEMENTS 

PATHFINDER I MODEL  (TRANSPORT) 

PATHFINDER I I MODEL  (FIGHTER) 

SUPPORT  STINGS 

USERS CR ITER I A  DOCUMENT 

Figure 2.- Cryogenic  models/stings  research and  development  program. 
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F i g u r e  3 . -  Major  technology  development ac t iv i t i e s .  

0 STRENGTH - PEAK  ALLOWABLE  STRESS L 21 3 YIELD  AT TEST  TEMPERATURES 

FATIGUE - SAFE-LIFE  DESIGN PER MODIF IED  GOODMAN  D IAGRAM  WITH 
APPLIED SAFETY  FACTOR OF TWO (2) 

0 FRACTURE - MATERIAL  SHALL  HAVE  CHARPY  V-NOTCH  IMPACT STRENGTH 
- > 33.7 rn-N (25 ft-lb) AT  TEST  TEMPERATURES 

0 AEROELASTIC - SAFETY  FACTOR OF TWO (2) AGAINST  DIVERGENCE  AND FLUTTER 
(BASED  ON  TEST  DYNAMIC  PRESSURE) 

F i g u r e  4.- S e l e c t e d   d e s i g n  criteria f o r   P a t h f i n d e r  I and I1 
mode l s / s t i ngs .  



the  configurations  are  suitable fo r  generalized aerodynamic research 
models and t o  the  extent  practical  are being  designed to  allow  ease of 
modification, such as  replacing  the  fuselage  forebody,  aft  fuselage and 
wings. 

SYMBOLS 

A 

A/ C 

b 

C 

- 
C 

cL 

9 

M 

M L  

9 

R- 

T 
C 

t 

W 

CY 

aspect  ratio 

ai   rcraft  

model span 

wing chord 

wing  mean aerodynamic chord 

1 i f t   coef f ic ien t  

gravity  force 

Mach number 

local Mach number 

dynamic pressure 

Reynolds number based on mean aerodynamic chord 

temperature 

wing thickness 

wind tunnel width 

angle of attack 

DISCUSSION 

Model Sizing  Size has a strong impact on the model design and 
fabrication problems with  the larger models generally being easier t o  
fabricate.  However, larger models result  in  increased  tunnel wal l  
interference  effects and i t   i s   t h i s  wall interference  effect  t h a t  
determines  the maximum acceptable model s ize   for  aerodynamic testing. 
For these models, the  size  cri teria  uti l ized  in  the  analysis by the 
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subpanel t o   t h e   A e r o n a u t i c s  and As t ronaut ics   Coord ina t ing   Board   wh ich  
r e s u l t e d   i n   t h e   p e r f o r m a n c e   s p e c i f i c a t i o n s   f o r   t h e  NTF. was used.  This 
c r i t e r i a  was based  on an AGARD s tudy.  It places   cons t ra in t s   on  maximum 
a1 lowable  wing  span , blockage  and  p lanform  area.   For   the  two  models   o f  
i n t e r e s t   h e r e ,   t h e   a p p l i c a t i o n   o f   t h e s e   t h r e e   c o n s t r a i n t s   r e s u l t   i n  model 
s izes  expressed i n  terms o f   w i n g  span  as i n d i c a t e d  on f i g u r e   1 .  A t r a n s p o r t  
model d e s i g n e d   f o r   l o w   t o   m o d e r a t e   a n g l e s   o f   a t t a c k   ( n e a r   c r u i s e   c o n d i t i o n ) ,  
i s   l i m i t e d   t o  a wing  span o f  equal t o   o r   l e s s   t h a n  0.6 o f   t h e   t u n n e l   w i d t h .  
A t y p i c a l   h i g h   a n g l e   o f   a t t a c k   m a n e u v e r i n g   f i g h t e r   i s   l i m i t e d   t o  a wing 
span o f   e q u a l   t o   o r   l e s s   t h a n  0.2 o f   t h e   t u n n e l   w i d t h ,   o r   a b o u t  0.45 meters. 

" F i g h t e r  - "" Model "_ S ince   there   a re   b roader   cons idera t ions  i n   t h e   s e l e c t i o n  
of a model d e s i g n   p o i n t   f o r  a maneuvering f i g h t e r   c o n f i g u r a t i o n   t h a n  a 
t r a n s p o r t ,   t h e   P a t h f i n d e r  I 1  model i s  d i s c u s s e d   f i r s t .  The bas ic   geomet r ic  
c h a r a c t e r i s t i c s   a r e   l i s t e d  on t h e   l e f t   o f   f i g u r e  2. The des ign   l oad ing  
c o n d i t i o n s   w e r e   s e l e c t e d   t o  be r e p r e s e n t a t i v e   o f  a  7  g maneuver c o n d i t i o n  
a t  a  mach number o f  0.9 and 3 t h o u s a n d   m e t e r s   a l t i t u d e .   T h i s   r e s u l t e d   i n  
a wing 1 oading  (CLq) o f  2.7 x 105  newtons  per  square  meter  and  corresponds 
t o  a Reynolds  number  based on c h o r d   o f  55 m i l l i o n .  

F igu re  3 p resents  an o p e r a t i n g   e n v e l o p e   f o r   t h e  NTF a t  a  Mach number 
of 0.9 as a f u n c t i o n   o f   R e y n o l d s  number  based  on a chord  o f   14.2 cm and 
wind  tunnel  dynamic  pressure,  q. The lower   boundary  represents   operat ion 
a t   near   ambien t   tempera ture  and the  upper  boundary i s  determined  by  the 
co ldes t   tempera ture   a t   wh ich   the  NTF can   ope ra te   w i thou t   condensa t ion   a t  
some p o i n t  on the  model. I n   t h i s  c a s e ,   t h e   l o c a l   c o n d i t i o n s   a r e   s t a t i c  
tempera ture   a t  a l o c a l  Mach number o f  1.4. The l e f t  and r i g h t   v e r t i c a l  
boundar ies  are  determined  by  the minimum  and maximum o p e r a t i n g   t o t a l  
p r e s s u r e   o f   t h e  NTF r e s p e c t i v e l y .  The shaded  area i s   r e p r e s e n t a t i v e   o f  
the  Reynolds number  and q range o f   e x i s t i n g  2 t o  2 .5   meter   tunne ls   w i th  
t h i s   s i z e  model. The upper   end  represents   Ca lspan  opera t ing   w i th   e jec to rs  
fo r   sho r t   runs .   Fo r   f u r the r   re fe rence ,   t he   Lang ley  8 f o o t  TPT maximum "q"  
i s  on t h e   o r d e r   o f  48000 newtons  per  square  meter. The reg ion  above 
t h e  shaded  band rep resen ts   t he   i nc rease   i n   Reyno lds  number  range t h a t  can 
be p r o v i d e d   i n   t h e  NTF w i t h  model loads  comparable  to   those  obta ined i n  
e x i s t i n g   t u n n e l s .  The Reynolds  number f o r  a t y p i c a l   m a n e u v e r i n g   a i r c r a f t  
a t   a l t i t u d e s   f r o m  3 t o  12  thousand  meters i s  shown fo r   re fe rence .  The 
P a t h f i n d e r  I 1  d e s i g n   p o i n t  i s  a l s o   i n d i c a t e d .  

I n  a Cryogenic Wind Tunnel , the   t empera tu re   va r ia t i on  as a f u n c t i o n  
o f   p r e s s u r e   c o r r e s p o n d i n g   t o   c o n d e n s a t i o n   a t  a l o c a l  mach number o f   1 . 4  
r e s u l t s   i n  a v a r i a t i o n   o f   R e y n o l d s  number w i t h  q , between 3 and  12 
thousand  meters,   that  i s   e s s e n t i a l l y   p r o p o r t i o n a l   t o   t h a t   o f   t h e   a i r p l a n e  
i n   t h e  atmosphere.  This  says o f   c o u r s e ,   t h a t   f o r  a c o n s t a n t   l o a d   f a c t o r  
s i m u l a t e d   o v e r   t h e   a l t i t u d e   r a n g e   a t   f u l l   s c a l e   R e y n o l d s  number i n   t h e  NTF, 
t h e  model l o a d  will be c o n s t a n t   j u s t  as i t  i s  on t h e   a i r p l a n e .   T h i s   i s  
i l l u s t r a t e d   i n   f i g u r e  4. As Reynolds number i s  i n c r e a s e d   a t   t h e  minimum 
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NTF temperature,   the  tunnel  q will increase.  If a c o n s t a n t   a i r p l a n e  
g o r   l o a d f a c t o r   c o n d i t i o n   i s   s i m u l a t e d ,  however, t h e  model  angle o f  
a t t a c k  and thus  l ift c o e f f i c i e n t  will be  reduced and t h e   r e s u l t i n g  CLq, 
o r  lift, will be constant  with  Reynolds  number. If f o r  model  design 
considerat ions,   changes i n  w ing   span  load ing   w i th  change.s i n  a n g l e   o f   a t t a c k  
a r e   i g n o r e d ,   t h i s   c o n s t a n t  l ift l o a d  will r e s u l t   i n  a cons tan t   w ing   s t ress .  
There fo re ,   t he   s t ress  limit will cor respond   to   t he  maximum CLq which will 
impose a limit on maximum a i r p l a n e   g ' s   o r   l o a d f a c t o r   t h a t  can be s imu la ted  
a t   f u l l   s c a l e   R e y n o l d s  number. This  limit i s  independent   o f   the  magni tude 
o f  Reynolds  number. The  dynamics o f   t h e   m o d e l / s t i n g / b a l a n c e   c o n f i g u r a t i o n  
which i s  a f u n c t i o n   o f  dynamic  pressure, o r  q, will govern  the maximum 
Reynolds number a t   w h i c h   f u l l   s c a l e   c o n d i t i o n s  can be s imulated.  The 
e f f e c t   o f   t h e  CLq limit i s  summarized on f i g u r e  5 which i s   b a s i c a l l y  an 
o v e r l a y   t o   f i g u r e  3 w i t h  some o f   t h e   l e g e n d   o m i t t e d   f o r   c l a r i t y .  The open 
symbo ls   rep resen t   f l i gh t   cond i t i ons ,   where   f o r  a cons tan t   s imu la ted   load  
f a c t o r   c o n d i t i o n   t h e  model l o a d   i s   c o n s t a n t .  It i s   i n t e r e s t i n g   t o   n o t e  
t h a t   t h e   s t r e n g t h   r e q u i r e m e n t s   f o r  a model t e s t e d   i n  an e x i s t i n g   t u n n e l  
( s o l i d  symbol ) a t  a q o f   a p p r o x i m a t e l y  72,000 newtons  per  square  meter  and 
a l i f t  c o e f f i c i e n t   c o r r e s p o n d i n g   t o  a g i v e n   l o a d   f a c t o r   a t  12000  meters  are 
i d e n t i c a l   t o  what  they will be i n   t h e  NTF a t  any o f   t h e   f u l l   s c a l e   c o n d i t i o n s  
i n d i c a t e d   b y  t.he  open  symbols f o r   t h e  same s imu la ted   l oad   f ac to r .   Th i s  
r e s u l t s   f r o m   t h e   f a c t   t h a t   t h e   i n c r e a s e   i n   R e y n o l d s  number  between t h e   s o l i d  
symbol  and  open c i r c l e   c o r r e s p o n d i n g   t o  12,000  meters a1 t i tude i s  due 
e n t i r e l y   t o   t h e   b e n e f i t   o f   c r y o g e n i c   t e m p e r a t u r e   o p e r a t i o n .  

The b o t t o m   l i n e   o f   t h i s   d i s c u s s i o n   i s   t h a t   b o t h  model s t r e n g t h  and 
model/balance/st ing  system  dynamics will p l a y  an i m p o r t a n t   r o l e   i n   d e t e r -  
m in ing  maximum usab le  NTF t e s t   c a p a b i l i t y   f o r  a g i v e n   c o n f i g u r a t i o n .  The 
des ign   cond i t i ons   chosen   fo r   Pa th f i nde r  I 1  are   ambi t ious  and shou ld   exp lo re  
t h e   l i m i t a t i o n s   o f   b o t h  model s t r e n g t h  and  dynamics  on t h e   t e s t i n g   e n v e l o p e  
f o r   t h i s   c l a s s   o f   c o n f i g u r a t i o n .  

Transpor t  Model The P a t h f i n d e r  I model ( f i g u r e  6 )  i s  an advanced 
t r a n s p o r t   c o n f i g u r a t i o n .  The g e o m e t r i c   c h a r a c t e r i s t i c s ,   w h i c h   a r e   t y p i c a l  
o f   t h i s   c l a s s   o f   a i r p l a n e ,   a r e  shown on t h e   l e f t   o f   f i g u r e  6 and a r e   d i s -  
cussed i n  some d e t a i l   i n   r e f e r e n c e  1. The p r i m a r y   d e s i g n   p o i n t   i s   f o r  a 
1 l ag "   c ru i se .  However , t o   i n s u r e   c a p a b i  1 i ty o f   t e s t i n g   a t   o f f - d e s i g n  
c o n d i t i o n s ,   t h e  model s t r e n g t h   d e s i g n   p o i n t   i s   1 . 8   " g "  a t  0.8 Mach number 
and  10700  meters  a l t i tude.  The r e s u l t i n g   w i n g   l o a d i n g  (C,q) i s  1.34 x l o 5  
newtons  per  square  meter and the  Reynolds number based  on  chord i s  38 
m i l l i o n .  

The d e s i g n   o f   t h i s  model will focus on those  problems  assoc iated  wi th  
the   des ign   o f   h igh   aspec t   con f i gu ra t i ons .   S ince   f o r  a g i v e n   a i r p l a n e   s i z e ,  
t h e   h i g h e r   t h e   a s p e c t   r a t i o ,   t h e   h i g h e r   t h e   t u n n e l  q r e q u i r e d   f o r   f u l l  
s c a l e   s i m u l a t i o n ;   t h u s   t h e   h i g h e r   t h e   d e s i g n   l o a d .   T h i s   i s   i l l u s t r a t e d   i n  
f i g u r e  7. For a g iven  wing  area,  an i n c r e a s e   i n   w i n g   a s p e c t   r a t i o   i s  
t h e   r e s u l t   o f   i n c r e a s e d   w i n g  span as i l l u s t r a t e d   i n   t h e   s k e t c h  on the  
r i g h t .  When a wind  tunnel  model i s   s i z e d  on an a b s o l u t e   v a l u e   o f   t h e   w i n g  
span, as t h e   a s p e c t   r a t i o   i s   i n c r e a s e d ,   t h e   s c a l e  of t h e  model must be 
reduced .   The re fo re ,   t o   ma in ta in   f u l l   sca le   Reyno lds  number, t h e  model 
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must be t e s t e d   i n   t h e   t u n n e l   a t  a h i g h e r  q. The m a i n   p a r t   o f   t h e   f i g u r e  
i l 1 , u s t r a t e s   t h i s   e f f e c t   f o r   t h r e e   a i r p l a n e   s i z e s .  The symbols i n d i c a t e   t h e  
model   des ign  or   wind  tunnel   test  q r e q u i r e d   t o   a c h i e v e   f u l l   s c a l e  RN . f o r  
t h r e e   t y p i c a l   a i r c r a f t   s i z e s .  The s l o p e   o f   t h e   l i n e s  shows t h e   i n c r e a s e   i n  
w i n d   t u n n e l   " q "   r e q u i r e d   t o   m a i n t a i n   f u l l   s c a l e  RN i f  t h e   a s p e c t   r a t i o   i s  
inc reased  on   these  conf igura t ions .  The P a t h f i n d e r  I was assumed t o  be  an 
i n t e r m e d i a t e   s i z e   t r a n s p o r t   o f   t h e  L-1011/DC-10 c l a s s   w i t h  an a s p e c t   r a t i o  
o f  9.8. 

F igure  8 shows t h e   d e s i g n   p o i n t ,   f o r   t h i s   s i z e   m o d e l ,   r e l a t i v e   t o   t h e  
NTF operat ing  envelope.   Again,   the  lower   bound  corresponds  to   the  ambient  
tempera ture   cond i t ion  and the   upper  bound i s  determined  by  the minimum 
temperature.   Test   condi t ions f o r  e x i s t i n g   t u n n e l s  and Reynolds  numbers 
a c h i e v a b l e   w i t h   c u r r e n t  mode l   loads   a re   ind ica ted .   Note   tha t   the   tes t  
c o n d i t i o n s   f o r   t h e   P a t h f i n d e r  I model are  about a fac to r   o f   10   inc rease 
i n  Reynolds number w i t h   o n l y  a f a c t o r  2 inc rease i n  t e s t  q o v e r   c u r r e n t  
t e s t   c o n d i t i o n s .  

CONCLUDING REMARKS 

An advanced t r a n s p o r t  and a h i g h l y   m a n e u v e r i n g   f i g h t e r   c o n f i g u r a t i o n  
have  been s e l e c t e d  as i n i t i a l  models f o r   t h e   c r y o g e n i c   h i g h  dynamic 
pressure  model  technology  development  program.  These  models will p r o v i d e  
a b a s i s   f o r   e s t a b l i s h i n g   p r a c t i c a l   a c h i e v a b l e   R e y n o l d s  number boundar ies 
based  on  model  stresses and  model balance  st ing  system  dynamics. The 
model loads ,   thus   the   s t resses ,  will be c o n s t a n t   i n   t h e  NTF when matching 
f u l l   s c a l e   a i r p l a n e   R e y n o l d s  number ove r   t he  a1 t i t u d e   r a n g e   a t  a cons tan t  
l o a d   f a c t o r .  The maximum Reynolds number ob ta inab le   under   t hese   cond i t i ons  
will be l i m i t e d  by   t he   i n f l uence  o f  dynamic  pressure  on  model/balance/ 
s t i n g  system  dynamics.  Reynolds numbers t o  25 m i l l i o n ,  based  on  chord, 
can be ob ta ined on t h e   P a t h f i n d e r   m o d e l s   i n   t h e  NTF w i t h  no i n c r e a s e   i n  
loads  over   those  encountered i n  ex 
advanced  technology  conf igurat ions 
research  s tud ies.  

RE 

s t i n g   t u n n e l s .  These  models  represent 
and will be  used f o r   p a r a m e t r i c  
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1.  Bradshaw, James F.; and  Lietzke,  Donald A.: Pa th f inder  I Model. 
Cryogenic  Technology, NASA CP-2122, 1980. (Paper 27 o f   t h i s  
compi la t ion . )  
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SOME AERODYNAMIC  CONS1  DERATIONS RELATED TO 

SURFACE DEFINITION 

Blair  B.  Gloss 
Langley  Research Center 

SUMMARY 

The requirement f o r  high quali ty National  Transonic  Facility  test 
data and the h i g h  Reynolds number capabili ty of the NTF have caused NASA 
t o  re-examine the  areas  of model fabrication  tolerances, model surface 
f inish and o r i f i ce  induced pressure error .  The resul ts  of t h i s  re- 
examination and planned research programs to  extend the data  base  are 
s umnari zed bel ow. 

Better  techniques  for  defining  transonic model tolerances  are needed 
even t h o u g h  model tolerance  requirements  should n o t  be s ignif icant ly  
dependent  on Reynol ds number. 

Current specified model surface  f inishes appear t o  be compatible  with 
a s ignif icant   par t  o f  the NTF Reynolds number range. I t  i s  planned f o r  
the  National Bureau of  Standards  to Val idate  the  accuracy  of the sty1 us 
profilometer  for  surfaces  typical  of NTF models  and develop a l i gh t  
scat ter ing system t o  measure surface  f inishes on curved surfaces ( w i n g  
leading edge regions). NASA tests are planned t o  determine the acceptabili ty 
of using existing  data on sand roughened surfaces  for  predicting NTF 
model surface  requirements. 

Available  data on o r i f i ce  induced pressure errors cover a par t  of 
the NTF Reynolds number range and cover  only a  smal 1 par t  of the range 
of the ratio  of  orifice  diameter t o  boundary layer  thickness needed. A 
research program has been in i t i a t ed  by NASA t o  extend this data  base  to 
higher Reynolds number conditions. Techniques for  avoiding  orifice edge 
distortions must be s t r i c t l y  adhered to.  

INTRODUCTION 

Because of the high Reynolds number capability  of  the NTF (see 
reference 1 )  w i t h  the attendant t h i n  boundary layers and the requirement 
for  h i g h  quali ty t es t  data, NASA i s  re-examining the aerodynamic 
considerations  related  to model surface  definit ion,   particularly i n  the 
areas  of  fabrication  tolerances, model surface  finish and o r i f i ce  induced 
pressure  errors. Model fabrication  tolerance requirements are  very 
d i f f i c u l t   t o  determine because  of the accuracies needed in  experimental 
and analytical   studies f o r  defining these tolerances  at  transonic  speeds; 
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The instrumentation which i s  almost  universally used t o  measure model 
surface roughness  in model shops i s  the  stylus  profilometer  type equipment. 
However, there  are a t  l eas t  two potential problems associated  with  the 
stylus  profilometer.  Figure 3 depicts  these two potential problem areas, 
roughness slope  too  steep and roughness frequency  too h i g h ;  i t  should be 
noted t h a t  the  stylus  radius is typically 2.5 microns  (100 pin.).  Since 
there  are no published d a t a  which verifies  that  the  stylus  profilometer 
accurately  determines  surface topography d a t a  on surfaces  typical o f  NTF 
models , i t   i s  planned t h a t  the  National Bureau of  Standards (NBS) will 
compare the topography of a surface  typical of NTF models as measured by a 
stylus  profilometer and stereo scanning electron microscope. In addition, 
the  stylus  profilometer has great   d i f f icul ty  measuring surface  finishes on 
curved surfaces  similar  to  the  leading edge region  ofwings. The leading 
edge region  of the wing i s  the  region, of course , where the boundary layer 
is   thinnest  and thus i s  the  region where the  local  skin  friction i s  most 
sensit ive t o  surface roughness.  Thus, i t   i s  highly  desirable t o  have the 
capability of measuring surface  finish over the  leading  edge. Towards 
t h i s  end the NBS will develop a l ight   scat ter ing system t o  measure the 
surface  finish  accurately on surfaces with  high curvature. 

Orifice induced pressure  error.- krhen the static  pressure  in a flow 
f i e l d   i s  measured by a pressure  orifice,  the  streamline  curvature can change 
in  the  vicinity of the  orifice and eddies can be se t  up  inside  the  orifice 
result ing  in  the  static  pressure measurement being  higher t h a n  the  true 
value,  references 5 t h r o u g h  9.  I f  the boundary layer  thickness i s   l a rge  
compared t o  the  orifice  diameter,   the  orifice induced pressure  error   is  
small and usually  neglected. However, as  the Reynolds number increases and 
the boundary layer becomes thinner,  the boundary layer  thickness can become 
small compared t o  the  orifice  diameter. Under these  conditions  the  orifice 
induced pressure  error may n o t  be negligible. An addi t ional   or i f ice   error ,  
t h a t  may  be sizable  in magnitude, can resu l t  from orifice  imperfections. 
Although there  are  several  types of orifice  imperfection,  experimental d a t a  
(reference 6 )  ex is t s  only for  a burr around the  or i f ice .  A burr can produce 
flow separation  in  the  orifice  causing  additional  streamline  deflection. 
Some other  types of hole  imperfection which  can produce pressure  error 
are out-of-round or i f ices ,   par t ic les  i n  the   or i f ice  and the  longitudinal 
axis of the  or i f ice  n o t  normal t o  the model surface t o  mention a few. 

Figure 4 presents a compilation of experimental resul ts  f o r  o r i f i ce  
induced pressure  error of "perfect"  (absence of imperfection)  orifices 
from references 5 t h r o u g h  7 (only  the  subsonic  data from reference 5 i s  
included  in  figure 4 ) .  I t  i s  shown in  reference 6 from local dynamical 
similarity  considerations , t h a t  

= f ( Rudg) ; 
Ac 

Cf 
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t h e r e f o r e ,   o r i f i c e   i n d u c e d   p r e s s u r e   e r r o r   i s   g e n e r a l l y   p r e s e n t e d  as 

Acp/cf  versus Rd 2. The l a r g e s t   v a l u e s   o f   d / 6 *   ( o r i f i c e   d i   a m e t e r l  

b o u n d a r y   l a y e r   t h i c k n e s s )   f o r   w h i c h   t e s t   r e s u l t s   a r e  shown i n   f i g u r e  4 i s  
4 .0 .   Us ing   the   da ta   o f   re fe rence  7 ,  shown i n   f i g u r e  4, t h e   v a r i a t i o n   o f  
p ressu re   e r ro r ,  Acp , wi th   Reyno lds  number, R- , f o r   t h r e e   o r i f i c e   d i a m e t e r s  , 
0.51 mn (0.02 i n ) ,  0.25 mm ( 0 . 0 1   i n )  and  0.15 mm (0.005 i n )   a r e  shown i n  
f i g u r e  5 where t h e   l o c a l   s k i n   f r i c t i o n   c o e f f i c i e n t   i s   t a k e n  as  0.0022 
and t h e  mean chord, E ,  i s  taken  as  0.20 m (0.65 f t ) .   F o r   r e f e r e n c e   t h e  
maximum NTF Reynolds  number,  Boeing 747 cruise  Reynolds number  and t h e  
maximum Reynolds number a v a i l a b l e   i n   c u r r e n t   t u n n e l s   a r e  shown on 
f i g u r e  5. From t h e   d a t a   i n   f i g u r e  5 , i t  may appear t h a t  a 0.13 mm 
(0.005 i n )   d i a m e t e r   o r i f i c e   i s   s a t i s f a c t o r y   f o r   t h e   c o m p l e t e   r a n g e   o f  NTF 
Reynolds numbers s i n c e   t h e  maximum e r r o r  i s  o n l y  0.008; however, a l l  
t h e   d a t a   i n   f i g u r e  5 a r e   f o r   d / b *  < 4.0, and  s ince   d /6*   fo r   the   h i9h  
Reynolds number c o n d i t i o n s  can  be o f   t h e   o r d e r   o f  100,  erroneous  conclusions 
may be drawn r e g a r d i n g   t h e   l e v e l   o f   t h e   o r i f   i c e   i n d u c e d   p r e s s u r e   e r r o r  if 
o n l y   t h i s   d a t a   i s   a p p l i e d .   F u r t h e r ,   j u s t   e x t r a p o l a t i n g   t h e   c u r v e s   f o r   t h e  
0.51 mm ( 0 . 0 2   i n )  and 0.25 mm (0.01 i n )   d i a m e t e r   o r i f i c e s   t o   t h e   h i g h  
Reynolds number reg ion   can   lead   to   e r roneous  conc lus ions .   There fore  , a 
t e s t  program i s  underway t o   e x t e n d   t h e   d a t a  shown i n   f i g u r e  5 t o   h i g h e r  
d/6*  values and higher  Reynolds  numbers.  Figure 6 shows a p i c t u r e   o f   t h e  
f l a t  p l a t e  model t o  be used i n   t h i s   t e s t  program;  the  interchangeable 
o r i f i c e s  have  d iameters  o f   3 .30 mm (0 .13  i n ) ,  6.60 mm ( 0 . 2 6   i n )  and 
13.21 mm ( 0 . 5 2   i n ) .  The r e f e r e n c e   o r i f i c e   d i a m e t e r  i s  0.51 mm ( 0 . 0 2   i n ) .  
Only one o f   t h e   i n t e r c h a n g e a b l e   o r i f i c e s  will be i n   t h e   p l a t e   a t  a t ime  and 
t h e   u n t e s t e d   o r i f i c e s  will be r e p l a c e d   w i t h   p l u g s .   S i n c e   t h i s   p l a t e  will 
be t e s t e d   i n   t h e   L a n g l e y  7- x 10- foot   wind  tunnel   a t   low  Reynolds  numbers,  
t h e   o r i f i c e s  were  scaled  up i n   s i z e  so t h a t   t h e   p r o p e r   d / 6 *   c o u l d  be 
a t t a i n e d ;   t h e   c o m p l e t e   o r i f i c e   i n c l u d i n g   p l u m b i n g  was sca led  up f o r   t h e s e  
t e s t s .   L o c a l   s k i n   f r i c t i o n  and boundary ' l aye r   t h i ckness  ( S * )  will be 
obta ined  f rom a boundary  layer   survey.   F igure 7 shows t h e   e n v e l o p e   o f  
d /b *   va r ia t i on   w i th   Reyno lds  number, R- ,  f o r  a 0.51 mm (0 .02   i n )   d iamete r  
o r i f i c e   a t t a i n a b l e   w i t h   t h e   p r e s e n t   h a r s w a r e .   A l t h o u g h   t h e  maximum d/b* 
encountered i n   t h e   l e a d i n g  edge r e g i o n   o f  an NTF wing may be i n  excess o f  
100, these  data will ex tend   the   da ta   base   f a r  enough to   a l low  judgement   on  
whether   the  data may be e x t r a p o l a t e d   s a f e l y   t o   t h e   d e s i r e d   d / 6 *   v a l u e s .  
The d/6*  range  covered i n   t h i s   t e s t  will be adequate t o   d i r e c t l y  assess 
t h e   o r i f i c e   i n d u c e d   p r e s s u r e   e r r o r   f o r  a l a r g e   m a j o r i t y   o f   t h e   o r i f i c e s  
on NTF models. 

p 

pf The h o l e   i m p e r f e c t i o n   d a t a   o f   r e f e r e n c e  6 o n l y   e x t e n d   t o   v a l u e s   o f  

Rd 2 o f  300. B u r r   h e i g h t s   o f   1 / 4 2   t h e   o r i f i c e   d i a m e t e r   c a n   i n c r e a s e  

t h e   h o l e   e r r o r   b y  a f a c t o r   o f   a p p r o x i m a t e l y   f i v e ,   f i g u r e  8, thus,  it i s  
d e s i r a b l e   t o   f a b r i c a t e   o r i f i c e s   t h a t  have the   ho le   imper fec t i ons   m in im ized .  
Reference 9 o u t l i n e s  a r o u t i n e   f o r   f a b r i c a t i n g   o r i f i c e s   w i t h   t h e   f i n a l  
s t e p   c a l l i n g   f o r   c l o s e   v i s u a l  and s t y l u s   p r o f i l o m e t e r   i n s p e c t i o n   o f   e a c h  
o r i f i c e .  
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Figure 1.- Admissible  roughness (k,) for typical  NTF 
sized  models, F = 0.20 m (0.65 ft). 

Figure 2.- Electron  micrographs of typical NTF model  surface. 
Model  surface finish, 0.2-0.3 microns (8-12 p in.) rms 
(stylus measured). 
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F i g u r e  3.- P o t e n t i a l   s t y l u s   p r o f i l o m e t e r   p r o b l e m  areas. 
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F i g u r e  4.- Compilat ion  of  test r e s u l t s   f o r   o r i f i c e  
i n d u c e d   p r e s s u r e   e r r o r .  
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F i g u r e  5.- O r i f i c e   i n d u c e d   p r e s s u r e   e r r o r .  cf = 0.0022; 
C = 0.20 m (0.65 f t ) .  

F igu re  6.- Model s e t u p   f o r   o r i f i c e   i n d u c e d   p r e s s u r e   e r r o r   s t u d i e s .  
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F i g u r e  7.- E n v e l o p e   o f   c u r r e n t   p r e s s u r e   e r r o r   e x p e r i m e n t ,  
cf = 0.0022,  M, = 0 . 8 5 ,  E = 0.20 m (0.65 f t ) ,  
d = 0.508 mm (0.023 i n . ) .  
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F i g u r e  8.- E f f e c t  of h o l e   i m p e r f e c t i o n  on o r i f i c e   i n d u c e d  
p r e s s u r e   e r r o r   ( r e f .  6 ) .  





PATHFINDER I MODEL 

James  F. Bradshaw  and  Donald A. L i e t z k e  
Langley  Research  Center 

SUMMARY 

Th is   paper   desc r ibes   t he   Pa th f i nde r  I Model t h a t  has  been  designed f o r  
t e s t i n g   i n   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y .   U n i q u e   c o n s i d e r a t i o n s   f o r   t h e  
d e s i g n   o f   c r y o g e n i c   m o d e l s   a r e   d i s c u s s e d   a l o n g   w i t h   t h e   p a r t i c u l a r   d e s i g n  
r e q u i r e m e n t s   f o r   P a t h f i n d e r  I. The g e o m e t r i c   d e t a i l s   o f   t h e  model a re   p rov ided  
and v a r i o u s   f e a t u r e s   o f   t h e  model  components a re   d i scussed ,   a long   w i th  a des- 
c r i p t i o n   o f   d e s i g n   v a l i d a t i o n   t e s t   s u p p o r t   a c t i v i t i e s .   A l s o   d a t a   a r e   p r e s e n t e d  
wh ich   emphas ize   the   impor tance  o f   mater ia l   se lec t ion  as i t  in f l uences   t he  model 
t e s t  program  because of m a t e r i a l   p r o p e r t y  changes w i th   tempera ture .  It i s  
found t h a t  good e n g i n e e r i n g   p r a c t i c e   w i t h   p r o p e r   c o n s i d e r a t i o n   g i v e n   t o   t h e  
cryogenic  environment and s p e c i f i c   t e s t   r e q u i r e m e n t s  will produce a model 
a c c e p t a b l e   t o   t e s t i n g   i n   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y .  

INTRODUCTION 

The N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF) i s   b e i n g   c o n s t r u c t e d   a t   L a n g l e y  
Research  Center  as a r e s e a r c h   t o o l   f o r   t e s t i n g   m o d e l s   a t   R e y n o l d s  numbers t o  
values  comparable t o   t h o s e   o f   f u l l   s c a l e   a i r c r a f t .   T e s t s   i n   t h e   L a n g l e y   . 3 - M e t e r  
Transonic  Cryogenic  Tunnel  (TCT)  have  provided  cryogenic  research  experience 
needed t o   i n i t i a t e  a c r y 0  model  program f o r   t h e  NTF. Two Pathf inder   Models   are 
being  designed as an i n i t i a l   s t e p   i n   e s t a b l i s h i n g   c r i t e r i a   f o r   t h e   d e s i g n ,  
f ab r i ca t i on ,   i nspec t i on ,   and   documen ta t i on   o f   mode ls   t o  be t e s t e d   i n   t h e  NTF 
(see  re f .  1). These c r i t e r i a  will become p a r t   o f  a tunnel   operat ion  manual .  
The Pathf inder  models,  a t r a n s p o r t   c o n f i g u r a t i o n  and a h i g h   p e r f o r m a n c e   f i g h t e r  
c o n f i g u r a t i o n  will be f a b r i c a t e d   a t   L a n g l e y  and will be t h e   f i r s t  models  tested 
i n   t h e  IJTF. This  paper  presents  the  work  that  has  been  done i n  c o n n e c t i o n   w i t h  
t h e   d e s i g n   o f   o n l y   t h e   P a t h f i n d e r  I Model. 

UNIQUE CONSIDERATIONS 

T h e r e   a r e   t w o   m a j o r   d i f f e r e n c e s   t h a t   h a v e   t o  be considered in d e s i g n i n g  
models f o r   t h e  NTF as  compared t o   d e s i g n i n g   m o d e l s   f o r   t e s t i n g   i n   c o n v e n t i o n a l  
wind  tunnels .  The f i r s t   o f   t h e s e   i s   t h e   c r y o g e n i c   e n v i r o n m e n t   w i t h  tempera- 
tures  as  low  as 78 K, and  secondly, i n   o r d e r   t o   u t i 1   i z e   t h e   f u l l   c a p a b i  1 i ty o f  
t h e  NTF f o r   t e s t i n g   a t   h i g h   R e y n o l d s  number, some models will have t o   b e  
d e s i g n e d   f o r   t e s t i n g   a t  much higher  dynamic  pressures.  The c ryogen ic   env i ron-  
m e n t   r e q u i r e s   t h a t   p a r t i c u l a r   a t t e n t i o n   b e   g i v e n   t o   t h e r m a l   c o n s i d e r a t i o n s .  
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These include thermal s t r e s s ,  expansion and contraction, and the thermal com- 
pa t ib i l i t y  o f  materials and joints .  Also, a very cr i t ical   aspect  concerns  the 
selection of materials,  considering  the wide variations i n  mechanical proper- 
t i e s  involved i n  the ambient t o  cryogenic  temperature  range. Although the 
strength of most materials  increases  as  the  temperature  decreases,  the tough- 
ness decreases.  Therefore improper material  selection o r  internal  flaws may 
resu l t  i n  b r i t t l e   f a i lu re .  Thus the  material  for  these models has t o  be char- 
acterized  for  cryogenic  temperatures  (see  reference 2 ) .  Testing a t  h i g h  
dynamic pressures  will  result i n  higher  stresses  than  those  typical  for con- 
ventional  tunnel models. In addition,  factors  associated with aeroelastic 
bending, potent ia l   f lut ter ,  and h i g h  dynamic response must be considered. 

MODEL DESCRIPTION 

The NTF Pathfinder I Model i s  a representative wide-body transport con- 
figuration  incorporating an advanced high aspect-ratio  supercrit ical  wing. I t  
i s  a force and pressure model and will be instrumented w i t h  accelerometers, 
thermocouples, and buffet  gages. The configuration has a low w i n g  and t a i l  and 
a design l i f t   c o e f f i c i e n t  of approximately 0.55 a t  a cruise Mach number of 0.82. 

The fuselage i s  .146 m (5 .75  i n . )  in  diameter and 1 .27  m (50.0 i n . )  long 
(see  f igure 1 ) .  I t s  nose i s  an ogive shape t h a t  f a i r s  i n t o  the body diameter. 

.The center  section  is  a cylinder and t h e   a f t  end of the  fuselage  provides 
access and clearance  for  the  sting. 

The w i n g  has a 9.8 asnect r a t i o  based on the  tranezoidal planform area of 
.183 m2 (1.98 f t 2 )  (including  fuselage  intercept) and the 1.345 m (52.97 i n . )  
span. The total  area of the wins including  the  leading and t r a i l i ng  edge 
extensions i s  .214 m2 (2.30 f t * ) .  The  wing has 5" dihedral and the  supercri t i  - 
cal a i r fo i l  has a thickness t o  chord r a t io  of  0.145 a t  the  side of the  fuseTage, 
0.12 a t  the  geometric break and 0.106 a t  the   t ip .  The quarter chord l ine  (C/4) 
of the  trapezoidal planform has a sweep of 30". 

The horizontal   tai ls  have a 10 percent  thick  supercri  tical  airfoi 1 shape, 
are  a1 1 moving , and are manually adjustable t o  +4". The ver t ical   ta i  1 has a 
10 percent  thick symmetrical supercri   t ical   airfoil  shape. The detailed 
geometric character is t ics  of the model are given in  table 1. 

DESIGN REQUIREMENTS 

The Pathfinder I has the same aerodynamic configuration  as a model that  
was tested  in  the Langley 8-ft  transonic  pressure  tunnel and d a t a  from the 
8- f t  tunnel t e s t s  were  used as a basis  for  calculating  the aerodynamic design 
loads.  This model wi 11 be tested  in  the NTF a t  a maximum dynamic pressure ( 4 )  
of .134 x 106 N / m 2  (2800 psf)  and a t  temperatures  ranging from 89 K t o  339 K .  
The  wing will have a maximum load of 24910 N (5600 l b s )   a t  a l i f t   c o e f f i c i e n t  
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DESIGN 

The basic approach i n  developing  the mechanical configuration of the model 
was t o  use a minimum  number of jo in ts  t o  reduce the  effect  of temperature 
gradients on the components. Additionally,  this  concept  provides  for conven- 
ient  testing of the model i n  any configuration such as  fuselage  only,  fuselage 
and w i n g ,  or  fuselage, w i n g ,  and ta i l s ,   ( see   f igure  2 ) .  

The fuselage  is,designed  in  three  sections,  the  nose,  the  center body 
which is   a lso  the model strongback, and the  af t   sect ion.  The nose section i s  
.47 m (18.5 i n . )  long and i s  designed  as a heavy wall she l l .  This  design 
provides a large  cavity fo r  the model instrumentation and also provides for  
quick and easy  access t o  this  instrumentation. The heated  instrumentation 
package will be isolated and insulated from the nose section and the  cold  envi- 
ronment. The fuselage  center body i s  the  structural  section of the model  which 
supports  all of the model components and  also provides  the  interface  with  the 
NTF-101 s t ra in  gage balance which has been specially designed for cryogenic 
service.  This  section i s  designed  as a strongback t o  provide rigid mounting 
surfaces  as well as passage for  instrumentation. The nose and af t   sect ions  are  
mounted t o  cy1 indrical bosses on the  center body and are  retained by dowels 
equally spaced radial ly  t h r u  the mounting surface. The dowels connecting  the 
a f t  section  are designed t o  withstand  the aerodynamic loads of the empennage. 

The  main impact of the  cryogenic environment was in  the  design of the 
balance mount and the wing/centerbody  attachment. The balance mount housing 
consists of two parts t h a t  are designed t o  clamp the  balance and a t  the same 
time connect i t  t o  the  strongback. There are two tunnel  operation modes t h a t  
influence  the  balance mount design  in  addition t o  the  temperature a t  which the 
test  will  take  place. The f i r s t  mode i s   t he  cool down mode during which the 
model surface may be much colder t h a n  internal components such as  the  balance. 
To accommodate t h i s  mode the  balance mount i s  a two piece  spl i t  clamp with 
bo th  components i n  t u r n  being clamped t o  the  strongback by the same bolts  (see 
figure 3) .  These bo1 t s   a r e  designed t o  be preloaded such t h a t  thermal grad- 
ients  will  not  relieve  the clamping forces  either t o  the  balance o r  t o  the 
strongback. The second mode involves  the  requirement that   the model  be heated 
to  278 K whenever  any  manual work i s  performed on i t .  I n  this  case  the  balance 
and st ing system may  be several hundred degrees  colder t h a n  the model surface. 
This mode also  requires  that  the  bolts be preloaded to  maintain  the  desired 
clamping force. 

The fu l l  span wing, designed  as a single  unit   integral  with  the lower part 
of the  center body, greatly  simplified  the  connection of the w i n g  to  the s t rong-  
back using  only eight m o u n t i n g  screws. These screws are   instal led from the t o p  

397 



I 

of the model  and t h i s  design makes i t  easy to  remove the wing and connect a 
balance calibration rig t o  the model. 

The af t   sect ion of the model provides  support  for  the  horizontal and 
ver t ica l   t a i l s .  The fuselage i n  this  area has been modified to  allow for mount- 
i n g  the model  on the sting w i t h  suitable  clearance  for  deflection under load. 
This clearance was determined  allowing fo r  balance and s t i n g  deflection based 
on maximum loads of the NTF 101 balance. The ve r t i ca l   t a i l   i s  mounted t o  t h i s  
section by  two rectangular  bosses  that are retained i n  the grooves by  dowel 
pins. The horizontal tai ls   are  at tached t o  this section by a modified  breech 
lock  type  interrupted screw w i t h  square  threads and zero  lead as shown i n  
f igure 4. On the  fuselage  is  a single  thread w i t h  90" segments a t  t o p  and 
bottom which develop  the  strength  necessary  to  withstand  the aerodynamic load- 
i n g  of t he   t a i l .  The b u t t  end flange of the  horizontal  tail has a groove and 
also a single  thread  with  corresponding  vertically  oriented 90" segments. The 
ta i l   i s   posi t ioned i n  proper a t t i tude  by a key plate mounted flush i n  the  fuse- 
lage  surface. Changes in  the  angle of incidence of the  ta i l   are  accomplished 
by uti l izing  additional key plates w i t h  the key a t  different  angular  positions. 
The horizontal t a i l  aerodynamic loads  will produce a maximum 226 N - m  (2000 in-lb) 
moment a b o u t  the  pivot  axis ; therefore , the key plate wi 11 have three keys (or 
teeth)   to  reduce  the  bearing  stresses  to an  acceptable  level. These changes, 
as well as disassembly of the nose and af t   sect ions from the  strongback, may 
be accomplished without  contacting any sur face   s t i l l  a t  cryogenic  temperature. 

The  wing i s  designed  as a fu l l  span wing  and i s  instrumented  with  pressure 
orifices  located on the upper surface o f  t he   l e f t  w i n g  and the lower surface 
of the r i g h t  wing a t  six spanwise stations.  To locate  all  tubes  internally, 
the wing i s  designed w i t h  a spanwise parting  l ine along the 57 percent chord 
line  (see  figure  5).  After  evaluation o f  several  joint  designs  the tongue and 
groove jo in t  was selected. The leading and t r a i l i ng  edge sections  are  connect- 
ed  by a tongue and groove j o i n t ,  the groove of which i s  enlarged t o  provide a 
spanwise tube  passage  (see  figure 6 ) .  Analysis of the wing structure  indicated 
t h a t  location of the  tube  passage  in this  posit ion near  the  elastic  axis 
reduced the  strength o f  the wing by only 2 percent. The jo in t  was stressed 
assuming t h a t  the  loads on the wing trail ing  section  are  transmitted t o  the 
forward section. The analysis  indicated t h a t  the  pins  should be designed f o r  
b o t h  shear and tensile  loads t o  prevent dis tor t ion of the  airfoil  surface. A t  
each spanwise location of pressure  orifices,  feeder  passages and holes th rough  
the  surface were designed and analyzed for  m i n i m u m  reduction of iner t ia  and 
maximum strength of the  section.  Prior t o  f inal  machining,  with the wing  .005m 
(.020 in. ) oversize,  the  pressure  tubes  with  plugs  attached  are  inserted  in  the 
holes, and the plugs  furnace brazed in  place, as  indicated i n  figure 7. After 
assembly of the wing sections, pinning of the   jo in t ,  and f inal  machining, the 
.00025m (.010 i n . )  diameter  orifice  holes  are  drilled th rough  the plugs into 
the  tubes. 

As previously mentioned the wing strength  design i s  based on a l i f t  coef- 
f i c i en t  of 1. However the shape i s  designed t o  match the  airplane a t  the  cruise 
condition which i s  a CL of  0.55. To accomplish this ,   the  wing i s  designed to  
a j i g  shape such tha t   i t   w i l l   de f l ec t  and twist t o  the  desired aerodynamic 
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shape under load.  Themagnitudes of the  deflection and twist changes were 
calculated by the beam-method discussed  in  reference 3 and are shown on 
figure 8. This analysis is based on the  material  stiffness  characteristics a t  
89 K. 

Spanwise bending s t ress   prof i les  of %he w i n g  for  a l i f t   c o e f f i c i e n t  of 1 
ana a dynamic pressure of .134 x 106 N/m2 (2800 psf)  are given in  figure 9. The 
resul ts  using three methods to  determine stresses  in  the wing are   i l lus t ra ted .  
The f i r s t  method ut i l izes   the spanwise  loading of the w i n g  and uses  the  stream- 
wise moment of inertia,   taking i n t o  consideration  the  reduction of iner t ia  due 
t o  tube  passages.  This bending s t ress   dis t r ibut ion,  curve ( A )  of figure 9, 
shows the impact of the  streamwise  feeder  passages and holes i n  the wing  a t  
each instrumented station.  This method of analysis, however, does not  take 
into  consideration  the t o r s i o n  e f fec t  due t o  the  offset  loading  resulting from 
the sweepback of the wing.  Curve (B) of figure 9 is  a spanwise distribution of 
bending s t r e s s  along the   e las t ic  a x i s  with  section  inertias  taken normal to  the 
e las t ic   ax is .  In this   case  there   is  no offset  loading  since  the chordwise 
center of  pressure i s  coincident with  the e las t ic   ax is .  Curve ( C )  in  figure 9 
represents  the wing  s t ress   dis t r ibut ion determined by using moment of iner t ias  
calculated from deflection  data  obtained by load testing a w i n g  of exactly  the 
same aerodynamic configuration  (see  reference 3) .  The e f fec t  of the  stream- 
wise tube  passages  (feeder  passages) and or i f ice   holes   is   i l lust rated by apply- 
ing a stress  concentration  factor of 2 t o  the maximum stress   dis t r ibut ion (peak 
values). These points  are shown a t  the  instrumented  spanwise stations  only and 
indicate t h a t  the maximum stress  in  the wing i s  a b o u t  689 x lo6 N / m 2  (100 KSI) .  

The selection of Nitronic 40 s ta inless   s teel  f o r  the model material 
(reference 2 )  allows a factor of safety of  1.5 on the  yield  strenqth a t  a 
temperature of 89 K and a dynamic pressure of -134 x 106 N/m2 (2800 psf. ) .  
Maintaining this   factor  of safety and accounting tor v a r i a t i o n  in  yield 
strength  with  temperature,  the  test envelope for  the model based on a l i f t  
coefficient of 1 can be developed for   a l l  planned t e s t  temperatures and i s  
presented i n  figure 10. 

TEST SUPPORT ACTIVITIES 

The design of the  Pathfinder I Model i s  being supported by t e s t   a c t i v i t i e s  
necessary to  evaluate  the component designs and also t o  provide  additional 
experience w i t h  cry0 model tes t ing.  

Figure 11 shows  an  example of the  application of a f i l l e r  material  to 
repair an undercut model surface.  After an evaluation o f  several  materials, 
a n  aluminum f i l l e d  epoxy was selected  (see Appendix A ) .  Satisfactory  per- 
formance was obtained  in  the  cry0 environment of the 0.3 m TCT. 

A 2-D wing  model with the SC(2)-0510 a i r fo i l  shape has been designed u s i n g  
the same methods selected  for  the  pathfinder wing and is i l lustrated  in  f igure 
12 .  This wing i s  under construction  for  testing i n  the . 3  meter  Transonic 
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TABLE I . GEOMETRIC  CHARACTERISTICS 

Fusel  age: 
Length. m . . . . . . . . . . . . . . . . . . . . . . .  1.27 
Diameter. rn . . . . . . . . . . . . . . . . . . . . . .  .146 

I4 i ng : 
Trapezo ida l  P1 anform 

A r e a   ( i n c l u d i n g   f u s e l a g e   i n t e r c e p t ) .  m2 . . . . . . .  
Span. m . . . . . . . . . . . . . . . . . . . . . . . .  
A s p e c t r a t i o  . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic  chord. m . . . . . . . . . . . . . .  
R o o t c h o r d . m  . . . . . . . . . . . . . . . . . . . .  
T ip   chord .  m . . . . . . . . . . . . . . . . . . . .  
Sweep 0 . 2 5 ~ ~  deg . . . . . . . . . . . . . . . . . .  
Incidence.  deg . . . . . . . . . . . . . . . . . . .  
D ihedra l  . deg . . . . . . . . . . . . . . . . . . . .  

Area .   Lead ing   edge   ex tens ion   ( i nc lud ing   f use lage   i n te r -  

Area. T r a i l i n g  edge e x t e n s i o n   ( i n c l u d i n g   f u s e l a g e   i n t e r -  

A i  r f o i  1 s h a p e - S u p e r c r i   t i c a l   a i   r f o i  1 

c e p t ) .  m 2  

c e p t ) .  m2 

Side  fuse lage:   Th ickness/chord . . . . . . .  
Sec t ion   i nc idence .  deg . . . . . . .  

Planform  break:   Th ickness/chord . . . . . . .  
Sect ion   inc idence.   deg . . . . . . .  
S e c t i o n   i n c i d e n c e .  deg . . . . . . .  

T ip :   Th ickness /chord  . . . . . . .  

H o r i z o n t a l   T a i l  : 
A r e a   ( i n c l u d i n g   f u s e l a g e   i n t e r c e p t )  . m . . . . . . . .  
Span. m . . . . . . . . . . . . . . . . . . . . . . . .  
A s p e c t r a t i o  . . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic  chord. m . . . . . . . . . . . . . . . .  
Root  chord. m . . . . . . . . . . . . . . . . . . . . .  
Tip  chord.  m . . . . . . . . . . . . . . . . . . . . .  
Sweep 0.25c, deg . . . . . . . . . . . . . . . . . . .  
D ihedra l  . deg . . . . . . . . . . . . . . . . . . . . .  
T a i l  arm. m . . . . . . . . . . . . . . . . . . . . . .  
Ta i 1 vol ume . . . . . . . . . . . . . . . . . . . . . .  
A i r f o i l  shape 10 p e r c e n t   s u p e r c r i t i c a l   d e s i g n  lift 

C o n t r o l   a l l   m o v i n g   m a n u a l l y   s e t  9" a t  1" increments 

2 

c o e f f i c i e n t  

.183 
1.344 
9.8 

.146 

.196 

.078 
35 

- 1  
5 

. 10 

. 30 

. 

.145 

.120 

. 106 

1.0 

-.50 

5.10 

.065 

.498 

.744 

.198 

.062 

3.82 

32.5 
10 

.467 
1.12 

0.4 

V e r t i c a l   T a i  1 : 
Area. m2 . . . . . . . . . . . . . . . . . . . . . . .  .039 
Span. m . . . . . . . . . . . . . . . . . . . . . . . .  .254 

Mean aerodynamic  chord. m . . . . . . . . . . . . . . . .  -166 
R o o t c h o r d . m  . . . . . . . . . . . . . . . . . . . . .  .229 
T ip   cho rd .  m . . . . . . . . . . . . . . . . . . . . .  .080 

T a i l  arm. m . . . . . . . . . . . . . . . . . . . . . .  .461 
T a i  I volume . . . . . . . . . . . . . . . . . . . . . .  -67 
A i r f o i l  shape 10% s u p e r c r i t i c a l .  sym . 

Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . .  1.65 

Sweep 0.25c, deg . . . . . . . . . . . . . . . . . . .  35 
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INSTRUMENTATION 
P A S S A G E 1  

NOSE FT SECTION 

F i g u r e  3.- P a t h f i n d e r  I model t o   b a l a n c e   i n t e r f a c e .  

F i g u r e  4.- P a t h f i n d e r  I h o r i z o n t a l  t a i l  connec t ion ,  
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r -  

F i g u r e  5.- P a t h f i n d e r  I wing. 

TUBE PASSAGE--/ 

TONGUE AND GROOVE JOINT 

ORIFICE INSTALLATION 

F i g u r e  6 . -  P a t h f i n d e r  I wing   s ec t ions .  



LEADING EDGE  !TRAILING  EDGE 
PRESSURE  TUBE  PRESSURE  TUBES 

Figure 7.- Pathfinder I wing  sections  (rough  machined 
and  instrumented), 

Figure 8. 
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- Pathfinder I wing  deflection  and  incidence,  streamwise. 
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689 x lo6 N / m 2  F %WITH  STRESS  CONCENTRATION 

552 t 

N/ m 
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1310 
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MATER I A L  
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206.8 
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STRESS FOR 414 0 

q =  1 0 ALONG  ELASTIC  AX1 S ( B )  

q = 0.134 x 10 6 
SPANW I SE ( A )  

0 
138 0 

0 .1 .2 .3  .4 .5 .6 .7 .8 .9 1.0 
WING  SEMISPAN  STATION,  & 

F i g u r e  9.- P a t h f i n d e r  I model  wing stresses. 
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F i g u r e  10.- P a t h f i n d e r  I model test e n v e l o p e   f o r  CL = 1. 
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Figure 11.- Langley 0.3-Meter Transonic  Cryogenic  Tunnel  model. 
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Figure 12.- SC(2)-0510 2-D wing. 
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ANALYSIS AND TESTING OF 

MODEL/STING SYSTEMS 

William F. Hunter 
Langley Research Center 

SUMMARY 

The analysis and tes t ing approach for  mdel/st ing systems  being  designed 
for  the National  Transonic Faci l i ty  a t  Langley Research Center i s  presented  in 
th i s  paper. Principal  areas of analysis  are  discussed along w i t h  the develop- 
ment  of mathematical models t h a t  are being employed for various  analyses. The 
interrelation and importance  of rigorous  analysis and  verification  testing  in 
the  design of model/sting  systems for cryogenic,  high Reynolds Number tes t ing 
are emphasized. The ongoing analysis and verification  testing  applications t o  
the design of t h e   f i r s t  developmental model , Pathfinder I ,  are  described and 
some preliminary  results  are  given. 

INTRODUCTION 

The uti 1 iza t i  on of the hi gh Reynolds Number tes t   capabi l i ty  provided by 
the  National  Transonic Faci l i ty  (NTF)  requires  that  models/stings be designed 
and analyzed for  operation  in a cryogenic environment and in some cases a t  
high  dynamic pressures. The combination of high aerodynamic loads and 
strength  limitations on cryogenically  acceptable  materials  will  necessitate 
t h a t  model/sting systems be designed t o  lower safety  factors than  those which 
have  been  used for  conventional wind  tunnel  model/sting  systems.  This w i  11 
necessitate t h a t  more rigorous, and i n  some cases  highly  sophisticated  analy- 
ses be performed along w i t h  math model verification  tests.  A1 so, proof 
testing my be required  for  critical  applications. 

This  paper outlines  the approach tha t   i s  being used a t  the Langley 
Research Center for  analyzing  the  initial developmental models and st ings t h a t  
will be tested i n  the NTF. Principal  aspects of the  thermal,  stress, deforma- 
t ion,  and aeroelastic  analyses  considerations  are  presented. Also the  devel- 
opment of m a t h  models needed t o  perform the  various  analyses  is  discussed 
along  with t e s t   a c t i v i t i e s  t h a t  are being used to  verify  the m a t h  models. 
Some results of the  current  analysis and verification  testing  applications t o  
the  Pathfinder I model are presented. 
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ANALYSIS OF NTF  MODELS 

Because o f   t h e   c r y o g e n i c   a n d   p o s s i b l e   h i g h   d y n a m i c   p r e s s u r e   t e s t   e n v i r o n -  
ment  of  the NTF, models  such  as  Pathf inder I will r e q u i r e  more ex tens ive   ana l -  
yses  than  convent ional   wind  tunnel   models .  

Design By Analysis  Approach 

I n  view o f   m a t e r i a l   s t r e n g t h   l i m i t a t i o n s ,   l a r g e   a e r o d y n a m i c   l o a d s  will 
n e c e s s i t a t e   t h a t  many models f o r   t h e  NTF be d e s i g n e d   t o   s m a l l   s a f e t y   f a c t o r s .  
To i n s u r e   t h a t   s u c h  a des ign i s  adequate ,   var ious   de ta i led   ana lyses   and  tes ts  
must  be  performed  as  the  design  progresses.  This  approach i s  r e f e r r e d   t o   i n  
t h i s   p a p e r  as  Design  by  Analysis.  The designer  and  the  analyst   must  work 
c l o s e l y   i n   d e v e l o p i n g  a s u i t a b l e   d e s i g n .  The f l o w   c h a r t   o f   f i g u r e  1 shows 
how the   var ious   ana lyses   and  the   des ign   p rocess   a re   in te r re la ted .  Each 
e lement   o f   the  analys is   process  can  in f luence  the  des ign.  

Thermal  Analysis. - The i m p o r t a n c e   o f   t h e   t h e r m a l   a n a l y s i s   f o r  NTF models 
shou ld   no t   be   underes t imated.   Because  o f   the   tunne l   t rans ien ts   there  will be 
thermal   g rad ien ts   in   the   var ious   sys tem  components   and  tempera ture   d i f fe rences  
between  mat ing  par ts .   These  e f fects   must   be  evaluated  s ince  they  can  lead  to  
h i g h   s t r e s s e s   o r   l o o s e   s t r u c t u r a l   j o i n t s .  

The cryogenic  models will be s u b j e c t e d   t o   v a r i o u s   t h e r m a l   t r a n s i e n t s .  
F i r s t ,   t h e r e   i s   t h e   i n i t i a l  cooldown  per iod.   A lso,   there will be  changes i n  
t h e   t u n n e l   t e s t   c o n d i t i o n s .   I n   o r d e r   t o  make a l t e r a t i o n s   t o   t h e  models,  the 
tunne l  has  been  designed  such  that   the model and a p o r t i o n   o f   t h e   s t i n g  can 
be i so la ted   f rom  the   c ryogen ic   env i ronmen t .   Th i s   i s  done b y   e n c l o s i n g   t h e  
model i n  a moveable t u b e - l i k e   s t r u c t u r e   w h i c h   p a s s e s   a c r o s s   t h e   t e s t   s e c t i o n .  
Before model  changes  can  be made, t h e  model must  be  heated. A f t e r  model 
changes a r e  made, t h e  model w i  11  be s u b j e c t e d   a l m o s t   i n s t a n t a n e o u s l y   t o   t h e  
cryogenic   env i ronment .   Th is   thermal   shock will probably  be  the  most  severe 
t r a n s i e n t   f o r   t h e  model. 

The e f f e c t s   o f   t h e s e   t r a n s i e n t   c o n d i t i o n s   o n   t h e   e n t i   r e  model,  balance, 
and st ing  system  must  be  examined.  This means tha t   severa l   thermal   math  
models may need t o  be  devel  oped in   o rde r   t o   de te rm ine   t he   t ime-dependen t  
t e m p e r a t u r e   d i s t r i b u t i o n s   i n   t h e   v a r i o u s   p a r t s .  An e v a l u a t i o n   o f   r e s u l t i n g  
grad ien ts  may show the   ex i s tence   o f   l a rge   t he rma l   s t resses .   Fo r   examp le ,   t he  
thermal   shock   tha t   can   occur   a f te r  a model  change will c e r t a i n l y  cause a h i g h  
sur face   s t ress   on   the   mode l .  

The e f f e c t s   o f   t h e r m a l   g r a d i e n t s  and  temperature  changes  on  the numerous 
s t r u c t u r a l   j o i n t s   i n   t h e   s y s t e m   m u s t  be i n v e s t i g a t e d .   S i n c e  a l o s s   o f   j o i n t  
s t i f f n e s s   c o u l d   l e a d   t o   d i v e r g e n c e   o r   f l u t t e r   p r o b l e m s ,   s p e c i a l   a t t e n t i o n  
shou ld   be   g i ven   t o   t he   mode l - to -ba lance   j o in t   and   t o   t he   ba lance - to -s t i ng  
j o i n t .  F o r  t hese   and   o the r   j o in t s ,   app rec iab le   p re loads  may be  needed i n  
o r d e r   t o   a v o i d   j o i n t   l o o s e n e s s .  When pre load ing ,   cons idera t ion   shou ld   be  

41 2 



given t o  both  the  positive and negative  temperature swings so as  to avoid  
over-stressing  the j o i n t .  

For models having a tongue and groove wing design such as  Pathfinder I 
(see  reference 1 )  , there is concern that  slight  temperature  differences may 
develop between the  leading and t r a i l i ng  edge portions o f  the wing.  Any tend- 
ency for the two parts t o  contract   differently spanwise could  cause  large 
shear  stresses i n  the dowels which pass  through the tongue and groove jo in t .  

In many cases i t  i s   l i k e l y  t h a t  instrumentation packages inside  cryogenic 
models will be heated.  Studies  are needed t o  insure  that  such packages are 
properly  insulated such that  the  gradient does not  create a thermal s t ress  
problem. 

Also,  studies may  be needed t o  determine the time  required  for  the  bal- 
ance t o  reach  thermal equilibrium. The present  plans  are  that  the  initial 
NTF models will  not be loaded  aerodynamically  until a f t e r  thermal equilibrium 
i s  obtained w i t h i n  the model.  However, the  effect  of combining the  stresses 
due t o  aerodynamic loads w i t h  thermal s t resses  caused by a step change i n  the 
flow temperature  will be examined. 

Stress  Analysis. - In  view  of the  potentially high aerodynamic loadings 
and large thermal gradients, a very thorough stress  analysis  is  required  for 
the model and s t ing system. The stresses  in  the  various components of the 
system will  probably be evaluated  using b o t h  f i n i t e  element and strength o f  
material  approaches. The thermal stresses  will be studied using f in i te   e le -  
ment  models except i n  instances where the geometry and temperature  distribu- 
tion can be represented by a classical  Theory of Elast ic i ty  problem  whose 
solut ion  is  known. 

Since many models w i  11 be designed  with  small safety  factors , much  empha- 
s i s  must be given t o  stress  concentrations. There are numerous reports and 
handbooks available  for  determining  stress  concentration  factors.  Also, i f  
necessary,  stress  concentrations can  be evaluated by making detai led  f ini te  
element models of the  highly  stressed  regions. 

For the  Pathfinder I model , the  highest  stress  is due t o  the  stress con- 
centration around the  or i f ice  plugs in the wings. The or i f ice  plugs are 
normally ci rcular  and  t h i s  causes a stress  concentration  factor of three. 
By designing  the  plugs t o  have an e l l i p t i ca l  shape with  the  elongated dimen- 
sion a1 igned w i t h  the bending stress,  the  stress  concentration  factor can be 
reduced to  two or less.  

Other sources  of stress  concentrations  are dowels or  shear  pins such as 
those  incorporated i n  the  Pathfinder I wing. Whenever possible,  care  should 
be taken t o  avoid placement of p i n s  i n  highly  stressed  regions. Also,  consi- 
deration  should be given t o  designing  pins t o  have s l igh t   in te r fe rence   f i t s  
s ince  this  can increase  the  fatigue  l ife.  
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Fatigue and Fracture Mechanics Analyses. - After  determining  the  stress 
levels,   the model design should be examined from fatigue and fracture mech- 
anics  viewpoints t o  insure  adequate l i f e .  Reference 2 discusses  the  fracture 
mechanics aspects as well as other  factors  that  influence  material  selection. 

Development of Elastic Math Models. - The aeroelast ic  and deformation 
analyses  are dependent upon the development of  accurate  elastic math models 
of the model and s t i n g  system. For the  Pathfinder I model , two different 
types of  math  models are being used i n  the  analysis: one i s  a beam represen- 
t a t i o n  of  the wing  and  the  other  is  a f i n i t e  element  approach. The math 
models being used i n  the  analysis of the  Pathfinder I model are  presented i n  
a subsequent  section of th i s  paper. 

Verification Testi_ng. - I t   i s  important  t h a t  the   e las t ic  math models  used 
i n  the  analyses be verified by tes t ing of the  actual hardware. This is  
especially  true  if   the design i s  marginal. The math models  can  be confirmed 
by performing  load/displ acement t e s t s  , measuring natural  frequencies , and by 
s t ra in  gage data. Also, jo in t   e f fec ts ,  which are  often  unpredictable, can  be 
evaluated by testing. In  support  of the  analysis of the  Pathfinder I model , 
verif icat ion  tes ts  have  been conducted on a supercrit ical  w i n g  which i s  very 
similar t o  the  Pathfinder I wing. These t e s t s ,  along w i t h  comparisons of 
measured and calculated  deformations  are  presented i n  la ter   sect ions of th i s  
paper . 

Aeroelastic  Analyses. - The aeroelastic  analyses  require  the development 
of a math model of the  entire model , balance, and s t ing  system. The aero- 
e l a s t i c  analyses  consist o f  determining  the  natural  vibration modes, using 
these modes as  displacement  functions in the   f lu t te r  and  divergence studies,  
and performing any needed dynamic response analyses. 

I t  i s  t h o u g h t  t h a t  the   f lut ter   analysis ,   as  well as  the  divergence  analy- 
s i s ,  must t reat   the   ent i re  system. As might be expected,  recent v i b r a t i o n  
t e s t s  a t  Langley Research Center have shown appreciable  differences  in  the 
modes and frequencies of the aforementioned supercrit ical  w i n g  mounted on and 
off of the  balance/sting  support. These differences  reflect  the  influence of 
balance/sting  f lexibil i ty  effects on the system modal character is t ics .  Also ,  
since  aeroelastic  divergence and f l u t t e r   a r e  of great concern for  models t h a t  
may  be tested a t  h i g h  dynamic pressures in the NTF, the  analyses must give 
particular  at tention t o  the  s t i f fness  of s t ructural   jo ints .  

There are  various computer codes available a t  Langley for  performing 
f lut ter   analyses .  A system of programs called FAST for  Elutter  Analysis 
System (see  reference 3) will be used i n  the   ini t ia l   s tudies  of the  Pathfinder 
I model. The unsteady  aerodynamics programs i n  FAST are based on the  subsonic 
kernel  function  lifting-surface  theory. I n  order t o  adequately t reat   the  
unsteady  aerodynamics i n  the  transonic regime, i t  may be necessary t o  develop 
additional aerodynamic programs. 

Deformation Analysis. - The deformation analysis   is   essent ia l  t o  the 
design of highly  loaded models. Because of the  large  deformations , many 
models will be bui l t  w i t h  a j i g  shape such t h a t  the model l i f t ing  surfaces  
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will have  the  proper  shape when loaded.  Thus, i t  i s  necessary   to  be a b l e   t o  
p r e d i c t   a c c u r a t e l y   t h e   d e f l e c t i o n s   o f   w i n g s   u n d e r   a e r o d y n a m i c   l o a d s .  

I n t e g r a t e d  Computer  Program 

It i s  p lanned   tha t   t he   va r ious   e lemen ts   o f   t he   ana lys i s   d i scussed  above 
will e v e n t u a l l y  be  combined i n t o  an integrated  computer  program. Such  a p ro -  
gram i s  needed f o r   e f f i c i e n t  and   sys temat i c   eva lua t i on   o f   mode l / s t i ng   sys -  
tems f o r   t h e  NTF. 

APPLICATIONS TO PATHFINDER I 

Al though   the   Pa th f i nde r  I a n a l y s i s   i s   o n g o i n g ,   r e s u l t s   o f  some o f   t h e  
a c t i v i t i e s  can  be  reported. These inc lude  the   deve lopment   o f   the  beam and 
t h e   f i n i t e   e l e m e n t  math  models,  the v e r i f i c a t i o n   t e s t s  , and t h e   s t r e s s  and 
deformat ion  analyses.  

Beam Model 

It i s   b e l i e v e d   t h a t  many h igh   aspec t   ra t io   w ings   such as those  o f   Pa th-  
f i n d e r  I can  be  analyzed  by  t reat ing  the  wing  as a beam. The deformat ions 
(bending i n  two   p lanes ,   t o rs ion ,   and   ex tens ion )   a re   desc r ibed   by   twe lve   f i r s t -  
o r d e r   d i f f e r e n t i a l   e q u a t i o n s .  The s t a t i c  a n d   n a t u r a l   v i b r a t i o n   s o l u t i o n s   t o  
the   equat ions   a re   ob ta ined  us ing  a t r a n s f e r   m a t r i x   a p p r o a c h   t h a t  i s  based 
upon Runge-Kut ta   in tegra t ion .  

The beam approach i s  a q u i c k   a n d   e f f i c i e n t  method f o r   c a l c u l a t i n g  
s t resses ,   de f lec t ions ,   and  f requenc ies .  The s o l u t i o n  method eas i l y   hand les  
any d i s c o n t i n u i t i e s   i n   t h e   c r o s s - s e c t i o n a l   p r o p e r t i e s .   A l s o ,   t h e   f o r m u l a t i o n  
conven ien t l y  accommodates displacement  dependent  loads as w e l l  as d i r e c t  
1 oads. 

Load/d isp lacement   tests  have  been  conducted  on  the  supercr i t ica l   test  
w ing   ment ioned  ear l ie r .  A comparison o f   t h e   t e s t   r e s u l t s   w i t h   t h e   c a l c u l a t e d  
de fo rma t ions   (p resen ted   i n  a subsequent   sect ion)  shows t h a t   t h e  beam t rea tmen t  
i s  a v a l i d  approach f o r   h i g h   a s p e c t   r a t i o   w i n g s .  

F i n i t e  Element  Models 

Two f i n i t e   e l e m e n t   m o d e l s  have  been  developed f o r   a n a l y z i n g   P a t h f i n d e r  
I. One i s  a d e t a i l e d  model o f   t h e   w i n g   b y   i t s e l f   a n d   t h e   o t h e r  is a model o f  
the  system. 

A SPAR ( re fe rence  4 )  f i n i t e   e l e m e n t  model o f  t h e   w i n g   i s   g i v e n   i n   f i g u r e  
2. SPAR i s  a general  purpose f i n i t e  element  computer  program f o r   p e r f o r m i n g  
s t r u c t u r a l  and  thermal  analyses.  This model i s  made  up o f   a b o u t  600 s o l i d  
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J i g  Shape 

As a r e s u l t   o f   t h e  beam model v e r i f i c a t i o n  , t h e   P a t h f i n d e r  I c r u i s e  

c o n d i t i o n   l o a d s  (CL = 0.555 and q = 134,000 N/m ) were   app l i ed  t o  determine 

t h e   j i g  shape. T h i s   d a t a   i s   p r e s e n t e d   i n   r e f e r e n c e  1. 

2 

CONCLUDING REMARKS 

The Design  by  Analysis  Approach  being  employed a t   the   Lang ley   Research  
Center   fo r   mode l /s t ing   sys tems  to  be t e s t e d   i n   t h e   N a t i o n a l   T r a n s o n i c   F a c i l -  
i t y  has been  p resented .   Ana lyses   and  ver i f i ca t ion   tes t ing   requ i rements   were  
d i scussed   a long   w i th  a descr ip t ion   o f   mathemat ica l   mode ls   be ing   used  fo r   the  
v a r i o u s   a n a l y s e s .   P r e l i m i n a r y   r e s u l t s   o f   t h e   a n a l y s e s   a n d   v e r i f i c a t i o n   t e s t -  
i n g   c o m p l e t e d   t o   d a t e   f o r   t h e   d e v e l o p m e n t a l   P a t h f i n d e r  I model  were a l s o  
presented. 

A l t h o u g h   t h e   m a t e r i a l   p r e s e n t e d   i n   t h i s   p a p e r   i s  somewhat l i m i t e d   i n  
a p p l i c a t i o n   t o   d a t e ,  i t  i s  e x p e c t e d   t h a t   t h e   e x t e n s i o n   o f   t h i s   w o r k  will 
f o r m   t h e   b a s i s   f o r  a sys temat ic   and  in tegra ted   approach  to   the   ana lys is  
and t e s t i n g   o f   f u t u r e   m o d e l / s t i n g   s y s t e m s   t h a t  will be  des igned  fo r   h igh  
Reynolds Number t e s t i n g   i n   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y .  
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Figure  1.- Design by  a n a l y s i s  flow diagram. 
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TYPICAL  CROSS SECTION 

Figure  2.- SPAR f i n i t e   e l e m e n t   m o d e l   o f   P a t h f i n d e r  I wing. 
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w i s  de f l ec t ion   measu red   no rma l   t o   w ing   r e fe rence   p l ane .  
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MATERIAL  SELECTION FOR THE PATHFINDER I MODEL 

C. Michael Hudson 
Langley  Research  Center 

SUMMARY 

The ex t remely   low  w ind-s t ream  tempera tures   (approx imate ly  78 K (140' R)) i n  
t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF) c a n   s i g n i f i c a n t l y   r e d u c e   t h e   f r a c t u r e  
toughness  of many o f   t h e   m a t e r i a l s   w h i c h   m i g h t  be  used i n   c o n s t r u c t i n g   w i n d -  
tunnel   models.   Conversely,   h igh  f racture  toughness i s   e s s e n t i a l   f o r   t h e   f i r s t  
model t o   b e   t e s t e d   i n   t h e  NTF ( the   so -ca l  1 ed Pa th f i nde r  I model ) because  the 
s t resses  i n   t h e   v i c i n i t y   o f   s t r u c t u r a l   d i s c o n t i n u i t i e s   a r e   q u i t e   h i g h .  These 
h igh   s t resses ,  i f  a p p l i e d   t o   r e l a t i v e l y   l o w   t o u g h n e s s   m a t e r i a l s ,   w o u l d   r e s u l t  
i n  u n a c c e p t a b l y   s m a l l   c r i t i c a l   f l a w   s i z e s .  To p r e c l u d e   t h e   p o s s i b i l i t y   o f  
deve lop ing   such  smal l   c r i t i ca l   f laws  (wh ich   wou ld  be d i f f i c u l t   t o   d e t e c t ) ,  a 
mater ia ls   survey  was conducted  to   determine  which  mater ia ls   possessed  adequate 
s t r e n g t h  and  toughness a t  78 K (1400 R) t o  be cons ide red   f o r  model cons t ruc t i on .  
The F rac tu re  and De fo rmat ion   D iv i s ion   o f   t he   Na t iona l   Bu reau  o f  Standards 
developed a p r e l i m i n a r y   l i s t   o f   c a n d i d a t e   m a t e r i a l s .  NASA-Langley personnel 
subsequent ly  expanded  th is l i s t   t o   i n c l u d e   s e v e r a l   a d d i t i o n a l   m a t e r i a l s .  

NASA-Langley personnel   fur ther   developed a s e r i e s   o f   f a c t o r s   w h i c h  
g o v e r n e d   t h e   s e l e c t i o n   o f   t h e   m a t e r i a l s   f o r  model f a b r i c a t i o n .  These f a c t o r s  
i n c l u d e d :   s t r e n g t h   p r o p e r t i e s ,   f r a c t u r e   t o u g h n e s s ,   a v a i l a b i l i t y ,   c o r r o s i o n  
r e s i s t a n c e ,   m a c h i n a b i l i t y ,   c o s t ,  and d e l i v e r y .  The w e l d a b i l i t y   o f   t h e   m a t e r i a l  
was n o t  an i m p o r t a n t   f a c t o r   f o r   t h i s  model s ince  no s t r u c t u r a l   w e l d i n g  will be 
done. 

When t h e   g o v e r n i n g   f a c t o r s   w e r e   a p p l i e d   t o   t h e   l i s t   o f   c a n d i d a t e   m a t e r i a l s ,  
N i t r o n i c  40 s t a i n l e s s   s t e e l  was j u d g e d   t o  be t h e   o p t i m u m   m a t e r i a l   f o r   f a b r i -  
c a t i  ng P a t h f i n d e r  I .  

INTRODUCTION 

The ext remely  low  wind-st re~m  temperatures  (approx. imate ly  78 K (140' R)) i n  
t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF) can s i g n i f i c a n t l y   r e d u c e   t h e   f r a c t u r e  
toughness o f  many o f   t h e   m a t e r i a l s   w h i c h   m i g h t  be  used i n   c o n s t r u c t i n g   w i n d -  
tunnel   models .   Conversely ,   h igh  f racture  toughness i s   e s s e n t i a l   f o r   t h e   f i r s t  
model t o   b e   t e s t e d   i n   t h e  NTF ( t h e   s o - c a l l e d   P a t h f i n d e r  I model ) because  the 
s t resses  i n  t h e   v i c i n i t y   o f   s t r u c t u r a l   d i s c o n t i n u i t i e s   a r e   q u i t e   h i g h .  These 
h igh   s t resses ,  i f  a p p l i e d   t o   r e l a t i v e l y   l o w   t o u g h n e s s   m a t e r i a l s ,   w o u l d   r e s u l t  
i n   u n a c c e p t a b l y   s m a l l   c r i t i c a l   f l a w   s i z e s .  To p r e c l u d e   t h e   p o s s i b i l i t y   o f  
deve lop ing   such   sma l l   c r i t i ca l   f l aws   (wh ich   wou ld  be d i f f i c u l t   t o   d e t e c t ) ,  a 
m a t e r i a l s   s u r v e y  was conducted t o   i d e n t i f y   w h i c h   m a t e r i a l s   p o s s e s s e d   a d e q u a t e  
s t r e n g t h  and  toughness a t  78 K (1400 R) t o  be c o n s i d e r e d   f o r  model cons t ruc t i on .  
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A s e r i e s   o f   c r i t e r i a  were  then  developed f o r   s e l e c t i n g   t h e  optimum 
m a t e r i a l   f o r  model f a b r i c a t i o n .  These c r i t e r i a  w e r e   a p p l i e d   t o   t h e   m a t e r i a l s  
i d e n t i f i e d   i n   t h e   s u r v e y .  

T h i s   p a p e r   d e s c r i b e s   t h e   c a n d i d a t e   m a t e r i a l s ,   t h e   s e l e c t i o n   c r i t e r i a ,  and 
t h e   a p p l i c a t i o n  o f  t h e   c r i t e r i a   t o   t h e   c a n d i d a t e   m a t e r i a l s .  

SYMBOLS 

Values i n   t h i s   p a p e r   a r e   g i v e n   i n   b o t h  SI  and U.S. Customary  Units. The 
measurements  and ca l cu la t i ons   were  made i n  U.S. Customary  Units. 

‘VN 

E 

EL I 

KC 

Kr 

KI c 

RT 

r 

S 

6 

0 
U 

0 
X 

0 
Y 

YP 

XY 

0 

‘I 

Charpy  impact  energy  for  vee-notched  specimen 

Young’s  modul us 

e x t r a   l o w   i n t e r s t i t i a l s  

s t r e s s   i n t e n s i t y   f a c t o r   a t   w h i c h   u n s t a b l e   c r a c k   g r o w t h   b e g i n s  

opening mode s t r e s s   i n t e n s i t y   f a c t o r  

p l a n e   s t r a i n   f r a c t u r e   t o u g h n e s s  

room temperature 

d i s t a n c e   f r o m   t h e   t i p  o f  a c rack  t o  t h e   p o i n t   a t   w h i c h   s t r e s s   i s   b e i n g  
ca l   cu l   a ted  

a p p l i e d ,   u n i f o r m l y   d i s t r i b u t e d   s t r e s s  

angle  between  crack  axis  and r 

u l t i m a t e   t e n s i l e   s t r e n g t h  

s t r e s s   i n   t h e   l o n g   t r a n s v e r s e   d i r e c t i o n  

s t r e s s   i n   t h e   l o n g i t u d i n a l   d i r e c t i o n  

y i e l d   s t r e n g t h  (0.2% o f f s e t )  

shear   s t ress  

SELECTION CRITERIA  

The m a t e r i a l   s e l e c t i o n   c r i t e r i a   f o r   t h e   P a t h f i n d e r  I model f e l l   i n t o  
p r imary  and secondary  categor ies.  The p r i m a r y   c r i t e r i a   i n c l u d e d   t h e   t e n s i l e  
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p r o p e r t i e s ,   f r a c t u r e   t o u g h n e s s   a n d   a v a i l a b i l i t y   o f   t h e   m a t e r i a l .  The 
secondary c v i t e r i a   i n c l u d e d   c o r r o s i o n   r e s i s t a n c e ,   m a c h i n a b i l i t y ,   c o s t ,  and 
d e l i v e r y .   F o r   t h i s  model, w e l d a b i l i t y  was n o t  an i m p o r t a n t   f a c t o r   s i n c e  no 
s t r u c t u r a l   w e l d i n g  will be  permi t ted.  The  model des ign   g roup  invoked  th is  
p r o h i b i t i o n  because o f   t h e   h i g h   s t r e s s e s  i n  t h e  m o d e l ,   a n d   t h e   p o s s i b i l i t y   o f  
i n t roduc ing   de fec ts   du r ing   t he   we ld ing   p rocess .  A d e t a i l e d   d i s c u s s i o n   o f   t h e  
p r imary   and   secondary   c r i t e r i a   f o l l ows .  

P r i m a r y   C r i t e r i a  

T e n s i l e   s t r e n g t h  - A minimum t e n s i l e   y i e l d   s t r e n g t h   o f   n o m i n a l l y  1.03 GPa 
(150 k s i )   a t  78 K (140' R) was e s t a b l i s h e d   f o r   t h e   P a t h f i n d e r  I .  T h i s   y i e l d  
s t r e n g t h   w o u l d   y i e l d  a f a c t o r   o f   s a f e t y   o f  1.5 on t h e  peak s t r e s s   i n   t h e  model. 

Fracture  toughness - Fracture  mechanics  concepts  were  used i n   e v a l u a t i n g  
c a n d i d a t e   m a t e r i a l s   f o r   t h e   P a t h f i n d e r  I model. These concepts  are  rev iewed 
b r i e f l y   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

I r w i n   ( r e f .  1 ) ,  among o t h e r s ,   d e v e l o p e d   t h e   s t r e s s   s o l u t i o n   f o r  a 
t r a n s v e r s e   c r a c k   i n   a n   i n f i n i t e l y   w i d e   p l a t e   l o a d e d   i n   t e n s i o n .   T h i s   s o l u t i o n  
showed t h a t   t h e   s t r e s s e s   n e a r   t h e   t i p   o f  a crack  were  g iven  by:  

K & l  6: 
CJ = I cos 1 - s i n  - x -  2 pG 

where OY i s   t h e   s t r e s s   i n   t h e   l o n g i t u d i n a l   d i r e c t i o n   ( s e e   f i g u r e  l ) ,  ox i s   t h e  
s t r e s s   i n   t h e   l o n g   t r a n s v e r s e   d i r e c t i o n ,  T~~ i s   t h e   s h e a r   s t r e s s ,  r i s  t h e  
d i s t a n c e   f r o m   t h e   t i p   o f   t h e   c r a c k   t o   t h e   p o i n t   a t   w h i c h   t h e   s t r e s s   i s   b e i n g  
c a l c u l a t e d ,  6 i s  the  angle  between  the  crack  ax is   and r, and KI i s   t h e   s t r e s s  
i n t e n s i t y   f a c t o r .   T h i s   s t r e s s   i n t e n s i t y   f a c t o r   i s  a l o c a l   s t r e s s   p a r a m e t e r  
w h i c h   r e f l e c t s   t h e   i n t e n s i t y   o f   t h e   s t r e s s  a t  a l l   p o i n t s   s u r r o u n d i n g   t h e   t i p  
o f   t h e   c r a c k .  

The v a l u e   o f  KI a t  wh ich   uns tab le   c rack   g rowth   beg ins  i s   c a l l e d   t h e  
c r i t i c a l   s t r e s s   i n t e n s i t y   f a c t o r  k. The v a l u e   o f  Kc f o r  a g i v e n   m a t e r i a l  and 
temperature will v a r y   w i t h   t h e   s t r e s s   s t a t e   i n   t h e   v i c i n i t y   o f   t h e   c r a c k   t i p .  
The minimum v a l u e   o f  Kc occurs i n  a p l a n e - s t r a i n   s t r e s s   s t a t e ,  and i s   r e f e r r e d  
t o  as t h e   p l a n e - s t r a i n   f r a c t u r e   t o u g h n e s s   o f   t h e   m a t e r i a l ,  KI~.  
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The plane-strain  fracture toughness was one of  the major c r i t e r i a  
established  for  accepting  materials  for  the  Pathfinder I model. The nominal 
minimum value  of K I ~  considered  acceptable  for this model was 93.5 MPa-m1I2 
(85 ksi-inllz) a t  78 K (1400 R ) .  This value would provide a conservative 
c r i t i ca l  flaw s ize  o f  approximately 6.4 mm (0.25  inch) a t  highly  stressed 
regions of the model. Regular nondestructive  examination of the model will 
identify  flaws long before  they approach th i s   s ize .  

The schedule  for  selecting  the  material for Pathfinder I d i d  not  permit a 
prolonged experimental program. Consequently, two approaches were adopted for  
screening  potential model materials. These approaches are  described as follows: 

1. The technical  l i terature was surveyed for   f racture  toughness d a t a  on 
candidate  materials. An adequate  quantity of d a t a  was located  for most of the 
materials. These d a t a  were generated  using  either  the  procedures  in 
reference 2 o r  reference 3. 

2.  The technical 1 i t e ra ture  was also reviewed for  Charpy impact d a t a  on 
candidate  materials. Charpy impact energies, C V N ,  a re  an indirect  measure of 
material  toughness. In f ac t ,  empirical  relationships have  been proposed which 
relate  plane-strain  fracture toughness a n d  Charpy impact energies. Reference 4 
proposes the  following  relationship between K I ~  and  C V N  

fo r   s t ee l s  i n  the  transition-temperature  region. (The t rm E in  equation ( 4 )  
i s  Young's modulus.) Substituting  values o f  93.5 MPa-m 172 and 200 GPa 
(85  ksi-in1I2 and 29 x lo6 psi)   for  C V N  and E, respectively, one obtains a 
value o f  nominally 33 .9  J (25 f t - lbs)   as  an acceptable Charpy impact energy a t  
78 K (1400 R ) .  Because  Charpy impact  specimens can be fabricated and tested 
quickly, a number of Charpy impact t e s t s  were conducted t o  supplement the  data 
found in  the  l i terature.  

Availability - Figure 2 shows side and front views of the proposed 
Pathfinder I model. Inspection of this   f igure shows (1) a fuselage  length and 
diameter of 1.27 m and 146 mm (50 in. and  5.75 in.) ,   respectively,  and ( 2 )  a 
w i n g  span of 1.345 m (52.97 i n . ) .  Discussions  within  the model design group 
indicated  the optimum material  blanks  for  the model components are (1) a 152 mm 
( 6  i n . )  diameter bar  approximately  1.8 m ( 6  f t . )  long for  the  fuselage and ( 2 )  
a 114 mm thick by 610 mm wide by 1 .5  m l o n g  ( 4 1 /2  in.  thick by 24 in. wide 
by  60 i n .  long)  plate  for  the wings and empennage. Thus, the  material  for 
model fabrication had t o  be available in these  section  sizes  in  order t o  be 
considered  for  use. 

Secondary Criteria 

The secondary c r i t e r i a  included  corrosion  resistance,  machinability,  cost 
and delivery. The  model design group s e t  no specific  guidelines  for  these 
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c r i t e r i a .  Consequently, the  materials were  compared to  one another when us ing  
these  cr i ter ia .  

MATERIALS EVALUATION BASED ON PRIMARY CRITERIA 

Initially,  the  Fracture and Deformation Division of the National Bureau 
of Standards  (under  contract t o  NASA-Langley) searched  the  technical 1 i t e ra ture  
and developed a l i s t  of candidate  materials  for  the  Pathfinder I model. 
Reference 5 presents  the  results of this  search. NASA-Langl  ey personnel 
subsequently expanded this  list  to  include  several  additional  materials. 
Table I presents  this expanded l i s t  of materials along  with the i r  nominal 
tensi le ,  Charpy impact and fracture toughness properties. Except for  the 
special 9% Ni and AF 1410 s tee ls ,  and the PH 13-8 Mo s ta in less   s tee l   l i s ted  
i n  Table I,  the  technical 1 i t e ra ture  provided the Charpy impact energies  for 
the  candidate  materials. In-house t e s t s  provided the Charpy energies f o r  the 
AF 1410 and PH 13-8 Mo materials, and mill   test   reports provided these  energies 
for the  special 9% Ni s t ee l .  

The l i t e r a tu re  search  failed t o  locate any fracture toughness d a t a  for  
some materials  listed  in Table I ,  e.g., Invar  and PH 13-8 Mo. In-house t e s t s  
t o  provide  the  missing d a t a  would have been quite  expensive and time consuming. 
Consequently, the  decision was  made t o  rely on Charpy impact energies  as  the 
indicator of  these  materials'  toughness. 

A number of  suppliers were queried  in  studying  the  availability of the 
various  materials. However, all  possible  suppliers could not  be located and 
queried. In t h a t  context,  the  following  discussion on avai labi l i ty  should be 
considered an indication, n o t  an absolute  determination, of the  availabil i ty 
of the rod and plate  required f o r  Pathfinder I .  

The following  paragraphs  present an evaluation of each material i n  
Table I using  the primary selection  criteria  as  the  evaluating  guideline. 

18  Ni,  250  Grade Steel 

This  material meets the  yield  strength  cri terion  (ayp 21.03 GPa a t  78 K 
(150 ksi a t  140° R ) )  for  the model. 

I t s  Charpy impact energy and fracture toughness  nominally meet the model 
toughness c r i t e r i a   ( i . e . ,  33.9 J and 93.5 MPa-m1/2 (25 f t - l b  and 85 ksi-in1/2)), 
respectively, a t  RT. However, b o t h  the Charpy impact energy and the  fracture 
toughness a re  below the  Pathfinder I toughness c r i t e r i a  a t  78 K (140° R ) .  

A source of the  bar  material  required  for  the  Pathfinder I was located. 
However, no source for  the  required  plate  material was. 
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Because the  material d i d  n o t  meet the model toughness c r i t e r i a  and could 
not be located  in  the  required  plate  section, i t  was dropped from fur ther  
consideration. 

. .  

18 N i ,  200 Grade Steel 

This material meets the  yield  strength  criterion  for  the model. 

mode 
I t s  Charpy impact energies and  fracture toughness  nominally meet the 

1 toughness c r i t e r i a  a t  both RT and 78 K (1400 R ) .  

No source  for  the  required bar and  plate  material was located. 

Because the  material could n o t  be located i n  the  required bar and plate 
sections, i t  was dropped from further  consideration. 

AF 1410 Steel 

This  material meets the  yield  strength  criterion  for  the model . 
I t s  Charpy impact energies meet the model toughness c r i t e r i a  a t  b o t h  

RT and 78 K (140 R ) .  I t s   f rac ture  toughness meets the toughness cr i ter ion 
a t  RT. No fracture toughness  data were located  foro78 K (140' R ) .  However, 
based on the h i g h  Charpy impact energy a t  78 K (140 R )  the  fracture toughness 
a t  78 K ( 140° R )  i s  probably  adequate. 

A source  of  the  required bar  and plate  material was located. 

Because this  materia7 meets a71 of the primary se l ec t ion   c r i t e r i a ,   i t  i s  
judged acceptab 

This  mater 
model. 

I t s  Charp-y 

e for model fabrication. 

Special 9% Ni Steel 

a1 nominally meets the  yield  strength  criterion  for  the 

impact energy and fracture toughness meet the model toughness 
c r i t e r i a  a t  78- K ( 140° R ) .  No d a t a  were located on these two toughness 
properties  at  RT. This alloy was especially developed for  the National 
Transonic Faci l i ty 's  fan  disc. (See reference 6. ) I t  has the same  nominal 
chemical composition  as ASTM A553 Type 1 s tee l .  However, the chemical 
composition  of th i s  9% Ni s tee l   i s  more closely  controlled. Table  I1 presents 
a comparison of the  specified chemical compositions of these two alloys. The 
heat  treatment  procedures  are  also  different for the two alloys.  
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r -  

A source of the  required bar and plate  material was located. 

Because this material meets a l l  of the primary select ion  cr i ter ia ,  i t  i s  
judged acceptable  for model fabrication. 

A286 Stainless  Steel 

This  material does n o t  meet the  yield  strength  cri terion  for  the model. 

I t s  Charpy impact energies and fracture toughnesses do meet the model 
toughness c r i t e r i a   a t  RT and 78 K (1400 R) . 

No source  for  the  required  plate  material was located. 

Because this material d i d  n o t  meet the model yield  strength  cri terion 
and could n o t  be located i n  the  required  plate  section, i t  was dropped from 
further  consideration. 

Nitronic 40 Stainless  Steel 

This  material meets the  yield  strength  cri terion  for  the model. 

I t s  Charpy impact energies meet the  Pathfinder I toughness cr i ter ion a t  
RT and 78 K (140' R ) .  I ts   f racture  toughness meets the model toughness 
cr i ter ion a t  78 K (140' R ) .  No RT fracture toughness d a t a  were located. 

A source  for  the  required bar and plate  material was located. 

Because this  material meets a l l  of the primary s e l e c t i o n   c r i t e r i a ,   i t   i s  
judged acceptable  for model fabrication. 

PH 13-8 MO H1150M 

This  material  nominally meets the  yi 

I t s  Charpy impact energies meet the 
(140° R ) .  The survey of the  technical 1 i 
da t a  on this  material .  

Stainless  Steel 

eld  strength  criterion  for  the model. 

model c r i t e r i o n   a t  b o t h  RT and 78 K 
terature  located no fracture toughness 

A source  for  the  required bar  and plate  material was located. 

Because this material meets a l l  of  the primary select ion  cr i ter ia ,  i t  i s  
judged acceptable  for model fabrication. 
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I n v a r  

T h i s   m a t e r i a l  does n o t   m e e t   t h e   y i e l d   s t r e n g t h   c r i t e r i o n   f o r   t h e   m o d e l .  

I t s  Charpy   impact   energ ies   meet   the   mode l   c r i te r ion   a t   bo th  RT and 78 K 
(140°  R). The survey o f   t h e   t e c h n i c a l   l i t e r a t u r e   l o c a t e d  no f rac tu re   t oughness  
d a t a   o n   t h i s   m a t e r i a l .  

A source o f   t h e   r e q u i r e d   b a r   m a t e r i a l  was located,  however,  no  source  of 
t h e   r e q u i r e d   p l a t e  was. 

Because t h i s   m a t e r i a l   d i d   n o t  meet t h e  model y i e l d   s t r e n g t h   c r i t e r i o n  and 
c o u l d   n o t   b e   l o c a t e d   i n   t h e   r e q u i r e d   p l a t e   s e c t i o n ,  it was d ropped   f rom  fu r the r  
c o n s i d e r a t i o n .  

Inconel  718 

T h i s   m a t e r i a l  m e e t s   t h e   y i e l d   s t r e n g t h   c r i t e r i o n   f o r   t h e   m o d e l .  

I t s  Charpy  impact  energies a t   b o t h  RT and  78 K (140'  R) were s l i g h t l y  
be low  the   mode l   c r i t e r i on .  I t s  f rac tu re   toughnesses   were   s l igh t ly   above  the  
P a t h f i n d e r  I c r i t e r i o n   a t  RT and  78 K (140' R). 

A source o f   t h e   r e q u i r e d   b a r  and p l a t e   m a t e r i a l   w a s . l o c a t e d .  

Because t h i s   m a t e r i a l  meets t h e   y i e l d   s t r e n g t h ,   f r a c t u r e   t o u g h n e s s   a n d  
a v a i l a b i l i t y   c r i t e r i a   f o r   t h e  model  and closely  approached  the  Charpy  impact 
c r i t e r i o n ,  i t  i s  j udged   accep tab le   f o r  model f a b r i c a t i o n .  

Inconel  X750 

Th 
172 MPa 

i s   m a t e r i a l  does n o t  meet t h e   y i e l d   s t r e n g t h   c r i t e r i o n   ( b y  nom 
( 2 5   k s i ) )   f o r   t h e  model. 

i n a l  l y  

I t s  Charpy  impact  energies  meet  the  model c r i t e r i o n   a t  RT and  78 K 
(140°  R). I t s   f r a c t u r e  toughness  meets  the model c r i t e r i o n  a t  78 K (140' R). 
The l i t e r a t u r e   s e a r c h   l o c a t e d  no f r a c t u r e   t o u g h n e s s   d a t a   f o r  RT. 

A s o u r c e   o f   t h e   r e q u i r e d   b a r  and p l a t e   m a t e r i a l  was loca ted .  

Because t h i s   m a t e r i a l  meets  the  f racture  toughness,  Charpy  impact  and 
a v a i l a b i l i t y   c r i t e r i a   f o r   t h e  model,  the  judgement was  made t o   e v a l u a t e   t h i s  
m a t e r i a l   u s i n g   t h e   s e c o n d a r y   c r i t e r i a .   T h i s   e v a l u a t i o n  was  made wh i le   keep ing  
i n  m i n d   t h a t   t h e   n o m i n a l   y i e l d   s t r e n g t h   f e l l  172 MPa ( 2 5   k s i )   b e l o w   t h e   y i e l d  
s t r e n g t h   c r i t e r i o n .  
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Ti-6A1-4V  ELI 

T h i s   m a t e r i a l   m e e t s   t h e   y i e l d   s t r e n g t h   c r i t e r i o n   f o r   t h e   m o d e l .  

I t s  Charpy  impact  energy  and  f racture  toughness do n o t  meet t h e  model 
c r i t e r i a   a t  78 K ( 140° R). 

A source o f   t h e   r e q u i r e d   b a r  and p l a t e   m a t e r i a l  was loca ted .  

Because t h i s   m a t e r i a l  does n o t  meet t h e  Charpy  impact   and  f racture 
toughness c r i t e r i a   f o r   t h e  model, it was d ropped   f rom  fu r the r   cons ide ra t i on .  

Ti-5A1-2.5Sn  ELI 

T h i s   m a t e r i a l   m e e t s   t h e   y i e l d   s t r e n g t h   c r i t e r i o n   f o r   t h e   m o d e l .  

I t s  Charpy  impact  energies  meet  the model c r i t e r i o n   a t  RT b u t   n o t   a t  
78 K (140' RA.  I t s   f r a c t u r e   t o u g h n e s s e s   a l s o   m e e t   t h e   c r i t e r i o n   a t  RT b u t   n o t  
a t  78 K (140  R). 

A sou rce   o f   t he   requ i red   ba r   and   p la te   ma te r ia l  was l o c a t e d .  

Because t h i s   m a t e r i a l  does n o t  meet t h e  Charpy  impact  and f r a c t u r e  
toughness c r i t e r i a   f o r   t h e  model, i t  was d ropped   f rom  fu r the r   cons ide ra t i on .  

MATERIALS  EVALUATION BASED ON SECONDARY CRITERIA 

As i n d i c a t e d   i n   t h e   f o r e g o i n g   s e c t i o n  o f  t h i s  paper, s i x   m a t e r i a l s  
e x h i b i t e d   p o t e n t i a l   f o r   u s e   i n  model f ab r i ca t i on .   (These   ma te r ia l s   were  
AF 1410  and  9% N i  s t e e l ,   N i t r o n i c  40 and PH 13-8 Mo ( H  1150M) s t a i n l e s s  
s tee ls ,   and  Inconel  718  and poss ib l y   I ncone l  X750 n i c k e l   b a s e   a l l o y s . )  
These s i x   m a t e r i a l s  were   subsequent ly   eva lua ted   us ing   the   secondary   c r i te r ia ,  
i . e . ,   mach inab i l i t y ,   co r ros ion   res i s tance ,   cos t   and   de l i ve ry .   Tab le  I11 
presents  NASA-Langley's  experience i n  mach in ing   the   mater ia ls   under  
c o n s i d e r a t i o n .  The i n f o r m a t i o n   l i s t e d   i n   T a b l e  I11 i s  based  on  the  experience 
o f   b o t h  NASA-Langley's  in-house  machine  shops  and  several  contractors who have 
b u i  1 t models f o r  NASA-Langl ey. 

Table IV presen ts   i n fo rma t ion   on   t he   co r ros ion   res i s tance ,   cos t   (pe r   kg  
( l b ) )  and d e l i v e r y   o f   t h e   s i x   m a t e r i a l s .  A d i scuss ion   o f   t hese   secondary  
s e l e c t i o n   c r i t e r i a   f o l l o w s .   ( I n   r e a d i n g   t h i s   d i s c u s s i o n ,   t h e   r e a d e r   s h o u l d  
bear  i n  m i n d   t h a t   t h e   i n f o r m a t i o n   p r e s e n t e d   i s   a p p l i c a b l e   f o r   t h e   f a l l   o f  
1979.) 
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Discussion 

The re la t ive  humidity i n  the Hampton  Roads area  is  frequently  quite  high. 
If a cooled model i s  exposed to   t h i s  h i g h  humidity  environment during,  say, a 
model change, significant  quantit ies of water can be expected t o  condense on 
the model surfaces. This water, i f   l e f t  in  place  for any s ignif icant  amount 
of time,  could  corrode  these  surfaces. To minimize the  possibility of 
corrosion damage, the model design group decided that  the  Pathfinder I model 
should be fabricated from  an intrinsically  corrosion  resistant  material .  This 
decision  eliminated  the AF 1410 and  9% Ni s t ee l s  from further  consideration. 

Table I1 indicates none of the  four  remaining  materials  are  easy t o  
machine. Consequently, machinability, which i s  a s ignif icant   factor ,  could 
n o t  be  used t o  screen  materials for the model. 

Cost and  delivery  thus became the  deciding  factors in making the  final 
selection among the  four remaining materials. Table IV indicates  the  cost 
of Nitronic 40 s ta inless   s teel   i s  nominally $3/pound  compared to  nominally 
$5-6/pound for  the  three remaining materials.  Further,  the  delivery time 
for  Nitronic 40 i s  nominally 3 months  compared to  nominally 5-6 months for  
the  three remaining materials. Based on i t s  lower cost and shorter  delivery 
time,  Nitronic 40 was selected  as  the model fabrication  material .  

CONCLUDING REMARKS 

The Fracture and Deformation Division of the  National Bureau of Standards 
developed a preliminary l i s t  of candidate  materials  for  fabricating  the  ' f irst  
model t o  be tested  in  the National Transonic Facil i ty (NTF) ,  NASA-Langley 
personnel  subsequently expanded this l i s t  t o  include  several  additional 
materials. 

NASA-Langley personnel further developed a ser ies  of factors which 
governed the  material  selection  process  for  Pathfinder I .  These factors 
included:  strength  properties,  fracture  toughness,  availability,  corrosion 
resistance,  machinability,  cost and delivery. The weldability of the  material 
was n o t  an important factor   for   this  model since no structural  welding will be 
done. 

When the governing factors were applied t o  the l i s t  of candidate 
materials,  Nitronic 40 s ta inless   s teel  was judged t o  be the optimum material 
for   fabr icat ing  the  f i rs t  model t o  go into  the NTF. 

434 



REFERENCES 

1. Irwin,  G .  R . :  Analys is   o f   S t resses  and S t r a i n s  Near the End of  a Crack 
Traversing a P la te .   Trans .  ASME, Volume 79 , 1957 , p p .  361-364. 

2. Anon.: Standard Method of  Test for  Plane-Strain  Fracture  Toughness  of 
Meta l l ic   Mater ia l s ,  ASTM Designation: E399-74, ASTM 1974 Annual Book 
of ASTM Standards,  1974, pp .  432-457. 

3. Landes, J. D. and  Begely, J. A , :  Test Results from J-Tntegral   Fracture  
S tudies :  An Attempt t o   E s t a b l i s h  a J I  Testing Procedure,   Fracture 
Analysis , ASTM STP 560,  1974, pp.  170-!86. 

4. Barsom, J .  M. and Rolfe, S .  T. :  Corre la t ions  Between K I C  and  Charpy 
V-Notch Test Results i n  the Transit ion-Temperature Range. Impact 
Testing of  Metals, ASTM STP 466 1970, pp .  281-302. 

5.  Tobler, R .  L.: Mate r i a l s   S tud ie s   fo r  Cr.yogenic Wind Tunnel Testing, 
National Bureau of  Standards  Report  IR 79-1624,  Boulder, C O Y  1979. 

6.  Wingate,  Robert T . :  Design o f  Compressor Fan Disks f o r  Large  Cryogenic 
Wind Tunnels.  Cryogenic Techno1 ogy, NASA CP-2122 , 1980.  (Paper 9 of 
t h i s  compi 1 a t i   o n .  ) 

435 



438 



t 
t; 
"I 
H 

m 
4 
z 
X 
H 

z 

z 
2 
t; 
n z 
0 
U 

W 
V z 
w 
CY 
W 

x 
W 

0 z 
m 
m 
w 
m 
m 
0 a 

H 

n 

O a a d  
w w  

H 

N ~ Z  

L 

4 N m e  
. . .  

x 
Ln 
0 

4 
4 
I 

v, 
w 
0 
"I 

I 

4 N m  
. . .  

co 
h 
4 

W 
"I 

z 
0 
u z 
H 

0 
Ln 
h 
x 
-1 
w z 
0 
0 
z 
H 

439 



c 

w 
"I 

% m 
Y 

3 
Y z 

0 
Y 

4: > 
4: 
L L  
0 

Y 

v, 
0 
PI: 
PI: 

9 n 
=3 

"I 

0 
x 
0 

V V 
0 
V 

I - =  
v)\ 
0 -  u 

M I n  m 

l-i 
l-i 

h l-i 
l-i M 

I+ 

Lo 

I 

Ln 

co 
I 

I n  

M 

00 
h 
4 

440 



Figure  1.- Stress c h a r a c t e r i z a t i o n   i n   t h e   v i c i n i t y  of a c r a c k   t i p .  

1.345 m ~~ 

(52.97 in.) 

0.146 m 

1.27 m 
(50 in.) 

F i g u r e  2.- F r o n t   a n d   s i d e  views of  t h e   P a t h f i n d e r  I model. 
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